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I traveled far and wide
And laid my head in many ports
I was guided by a compass
I saw beauty in the world
I drew the tales of many lives
And wore the faces of my own
I have these memories all around me
So I am not alone
Some may be from showing up
Others are from growing up
Sometimes I was so messed up and didn't have a clue
I ain't winning no one over
I wear it just for you
I've got your name written here
für Lisa
Summary
Within this thesis, nuclear resonance uorescence experiments were analyzed which
have been performed at the γELBE facility of the Helmholtz-Zentrum Dresden-
Rossendorf and the HIγS facility of the Triangle Universities Nuclear Laboratory.
The dipole strength up to the neutron separation energy, its distribution as well
as its split into electric and magnetic strength were determined. The inuence of
crucial nuclear parameters, like deformation and neutron excess, on the data was
investigated.
For the rst time a whole set of enriched gaseous targets was measured in the en-
ergy region close to the neutron separation threshold. At ELBE the scattering of
photons on four dierent isotopes 124,128,132,134Xe was investigated by irradiating the
containers with enriched target material with a broad bremsstrahlung distribution.
The endpoint energies were chosen to be 12MeV. This ensures excitations up to
the neutron separation threshold. The two isotopes 128,134Xe were measured in an
additional campaign at HIγS. The region below the threshold was explored in detail
in these experiments. A second, more model-independent determination of the cross
section was possible.
The work shows, how the measured spectra taken with high-purity germanium detec-
tors, have to be corrected for several, partly overlapping eects in order to determine
the complete excitation strength. The calculation of dierent backgrounds, detec-
tor response functions and the inuence of inelastic scattering constitute the main
part of the presented work. With the help of GEANT4 simulations the amount of
not-nuclear scattered photons was estimated. GEANT4 was also used to test the
inuence of the extended targets on the detection eciency and response. The code
γDEX, which calculates deexcitation schemes based on statistical assumptions, was
updated and nally used for the unfolding of the spectrum.
The measured data is compared to dierent strength function models and a theoret-
ical prediction based on a QRPA calculation. The summed strength is also set into
comparison to other experimental data sets and a global trend for low-lying strength
was found. This shows, that the nuclear deformation which has a large inuence
on the dipole strength above the threshold is only of minor impact for the strength
at lower energies. Instead of this, the neutron excess seems to be the dominating
factor for the strength in the investigated energy region.
This work was supported by the German Research Foundation (DFG), Project No.
SCHW883/1-1.
Zusammenfassung
Diese Arbeit untersucht mit Hilfe von Kernresonanzuoreszenzexperimenten den
Einuss der beiden Gröÿen Kerndeformation und Neutronenüberschuss auf die Dipol-
stärke unterhalb der Neutronenseparationsenergie. An zwei verschiedenen Anlagen
werden die Stärkeverteilung sowie ihre Zusammensetzung aus magnetischer und elek-
trischer Stärke beleuchtet.
Erstmalig wird für Anregungsenergien unterhalb der Schwelle innerhalb einer Reihe
von Xenonisotopen experimentell der Photoabsorptionsquerschnitt bestimmt. Mit
Hilfe von Bremstrahlung wurde an ELBE der gesamte Querschnitt, inklusive des
Kontinuums der nicht mehr auösbaren Übergänge, in den Isotopen 124,128,132,134Xe
ermittelt. Durch weitere Messungen an HIγS konnte der Anteil von magnetischer
Stärke an der gesamten Dipolstärke abgeschätzt werden und eine zusätzliche Bes-
timmung des Wirkungsquerschnitts war möglich.
Diese Arbeit geht darauf ein, wie die experimentell erhaltenen Spektren analysiert
werden müssen in Bezug auf verschiedene Störeinüÿe, wie nicht nuklear gestreute
Ereignisse, unvollständige Energiedeposition im Detektor oder auch inelastische
Streuung. Mit Hilfe von Simulationen mit GEANT4 wurden die beiden erst genan-
nten abgeschätzt und auch der Einuss des ausgedehnten Probenmaterials wurde
ermittelt. Mit statistischen Modellen im Rechencode γDEX, welcher im Rahmen
der Arbeit erweitert wurde, konnte eine Korrektur auf inelastische Streuung vollzo-
gen werden.
Die gemessenen Daten konnten schlussendlich mit Vorhersagen durch Modelle ver-
glichen, welche zum einen kerntheoretisch motiviert sind und zum anderen auch aus
globalen Trends folgend die Dipolstärkeverteilung abschätzen. Der Vergleich mit
anderen Isotopenreihen erlaubte die Bestimmung einer allgemeinen Abschätzung.
Diese zeigt, dass im Bereich unterhalb der Neutronenseparationsenergie die Defor-
mation, welche den Verlauf Dipolstärke oberhalb der Schwelle deutlich prägt, nur
kleinen Einuss hat. Der Neutronenüberschuss wird zur dominanten Gröÿe.
Diese Arbeit wurde ermöglicht durch die Unterstützung der Deutschen Forschungs-
gemeinschaft (DFG), Projekt No. SCHW883/1-1.
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1 INTRODUCTION AND MOTIVATION
1 Introduction and Motivation
This chapter gives a short overview about the general idea behind photon strength
functions and their relevance in the eld of nuclear physics.
What is the structure of a nucleus and how does it aect nuclear reactions? This
fundamental question can not be solved within this work, but it is its aim to inves-
tigate especially the second part of the sentence and look on the eect of two basic
attributes, nuclear deformation and neutron-to-proton ratio on special nuclear reac-
tions. The wide range of existing nuclei precludes the availability of experimental
information on all possible nuclear reactions. The number of isotopes (over 3000
found so far) builds up an insuperable wall of measurable reactions. This fact is
complicated by the eect that most of the isotopes are radioactive and only short-
lived. This complicates the traditional measurements in the laboratory.
Models have been set up in order overcome this problem because information on the
reaction of the isotopes with other particles, their excitation and their deexcitation
is needed in nuclear astrophysics as well as in nuclear safety.
The rst part of the question has a more fundamental background. We as humans
like to improve our knowledge how the world was formed. We want to understand
how the elements that we can nd today have been created. Starting in the Big-
Bang nucleo-synthesis the lightest elements have been produced. The rst stars
were formed and the burning of these stars and their supernovae at the end can
explain the elemental composition as it if found today, in principle. Large network
calculations are needed to describe the fusion and ssion, the production, the decay
and the destruction of elements in a solar environment. One of the most important
processes is the radiative neutron or proton capture. The high particle ux in a
stellar environment in combination with high densities of nuclei create heavier el-
ements. Contrary, the radioactive decay also changes the distribution of isotopes.
As a function of the ratio of reaction probability, decay time and involved particles
one can distinguish between p-process (proton induced), s-process (slow neutron
capture) and r-process (rapid neutron capture, next capture faster than the decay
time). These processes connect by nuclear reactions not only the stable isotopes. In
addition, one needs also a good description for isotopes further away from the valley
of stability in the chart of nuclei.
The same kind of data is needed in calculations and simulations of present and fu-
ture reactor designs. The production of short lived daughter nuclei and their decay
into other nuclei generate a diversity of possible nuclear reaction partners since they
can not be measured in detail nucleus by nucleus.
The idea to describe the distribution of excitable states in a nucleus by statistical
quantities like level density is already given in Ref. [Beth 37]. These excited states
can be reached by particle absorption, it is also found in the daughter nuclei in
radioactive decay as well as the in nuclei produced in nuclear fusion and ssion. In
the description of the decay of such states the photon strength function (PSF) is in-
troduced as a statistical tool to describe average transition strength between states.
The strength function is connected to strong assumptions. The most important one
is the Axel-Brink hypothesis [Brin 55, Axel 62], which claims that the strength of
a transition is dependent on the transition energy and not on the excitation energy
1
itself. This assumption is used to measure photo-absorption cross sections which
starts at the ground state of nuclei. New knowledge about the excitation strength
on the ground state can then be used to describe transitions also between excited
states.
The excitation by photons which are the force carrier of the electromagnetic force
has several advantages. The force itself is one of the best understood phenomena in
physics. It is used to excite the nucleon which is a nite many-particle system. The
results of the measurements can be used to compare the existing theoretical models
of the nucleus on the basis of the electromagnetic excitation.
By measuring reaction cross sections on stable nuclei the scientic community tries
to nd also global dependencies of the strength to crucial nuclear parameters. Easy
accessible characteristics are the number of nucleons and its splitting in the neutron
and proton number. A clear identication of the isotopes is possible by accelerator
mass spectrometry and for the most of the nuclei found so far the half lives and
possible decay modes are known.
Another parameter is the shape of nuclei, which has been determined in measure-
ments of the quadrupole moment of the rst excited state1. A look at the chart of
nuclei under the aspect of nuclear deformation, as done in Fig. 1.1, shows that the
most of the nuclei in nature are assumed to be deformed.
Figure 1.1  Chart of nuclei with areas of large deformation [Mars 63]. The lines
represent the closed neutron or closed proton shells and sub shells.
The investigated chain of xenon isotopes (Z = 54) can be found in area
1. A detailed view on this area can be found in Fig. 2.11.
Photo-absorption cross sections have been measured for many nuclei at γ-ray ener-
gies above the neutron separation threshold. It has been found that the characteris-
tic bump of the giant dipole resonance dominates the cross section. This resonance
is a collective motion of the protons against the neutrons. It has been found and
1A detailed description can be found in Ref. [Rama 01]. The mistake in the equations is dis-
cussed in Appendix A.1.
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discussed in many works that the nuclear deformation inuences the shape of the
resonance, as it will be discussed in detail in Chapter 2.
For low excitation energies the data set of the rst ten to twenty nuclear excited
states with low excitation energy have been measured for many nuclei. These exci-
tations are believed to be single-particle interactions in coexistence with collective
modes like the scissors mode in the magnetic strength. The connection between
these two regions of interests is for the most nuclei a wasteland of exact data. The
problem that an increasing level density limits due to nite detector resolution the
experimental resolution can been solved nowadays with the possibilities of computer
intensive simulations and calculation methods.
Within this thesis the distribution of dipole strength below the neutron separation
energy is investigated in a chain of isotopes. In nuclear resonance uorescence (NRF)
experiments nuclei are excited and the deexcitation radiation is observed from which
conclusions can be drawn on the photo-excitation cross section in the excited energy
region. Measurements and data analysis at ELBE allow a measurement of the total
cross section over a broad energy range. The additional measurements at HIγS are
used to check dierent assumptions done in the analysis steps at ELBE and to give
a more detailed view on the cross section.
After this introduction the two main players in this work, the level density and
the strength function are discussed in Chapter 2 as well as few words to the term
deformation and its inuence on the nuclear properties is given. The experimental
facilities are briey introduced. In Chapter 3 the single analysis steps are presented.
Dierent steps are introducing in detail the special circumstances of these mea-
surements in dierence to previous NRF measurements. Chapter 4 shows results
and compares the data of this measurement to data in other nuclei, to data of other
groups and to data predicted by theoretical models. Finally, the ndings of this work
are extrapolated to the complete chart of nuclei in the last chapter. A discussion as
well as a possible interpretation of the results are given.
3
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2 Nuclear Resonance Fluorescence Experiments
The second section gives a more detailed background on the two crucial input pa-
rameters, which have an impact on the experimental spectrum. The connection
between the strength function and absorption cross-section will be explained also.
The following subsections present the experimental techniques and the facilities used.
Nuclear resonance uorescence experiments were performed at the ELBE accelera-
tor in Dresden, Germany and the HIγS facility in Durham, USA. The experiments
in Dresden are performed with a broad bremsstrahlung spectrum and used to de-
termine the absolute photo-absorption cross sections. At HIγS the polarized beam
within small energy bands enable a deeper understanding of the results. It is possi-
ble to estimate the inuence of magnetic strength to the total strength.
2.1 Theoretical background
2.1.1 General idea
The decay width Γi of a state i in an excited nucleus is the inverse of the life time
τi of this state. Both are connected by the time-energy uncertainty principle.
Γi · τi = ℏ (2.1)
The decay width Γi is the sum of the transition widths to all possible exit channels.
In literature, it is often called Γtot, the total width:
Γtot = Γi =
∑
f
Γif + Γx (2.2)
For the rst summand, one counts only states for which the relation Ef < Ei is true.
The second addend Γx represents all decay widths of reactions for which a particle is
emitted. These reaction channels, like (γ,n) are open, if the energy of the incoming
gamma ray is higher than the particle emission threshold.
Fig. 2.1 gives a schematic overview about this fact. In this simplied picture the
intermediate state f stands for all states between the excited state and the ground
state. The number of intermediate states can be estimated by level density formulas.
A discussion of this statistical quantity can be found in Sec. 2.1.4.
The data presented in this work is done for excitation energies below the neutron
separation energy. Details about the exact threshold values can be found in Sec. 2.2.1
in Tab. 2.3. In our case, the term for particle emission vanishes in Eq. (2.2). The
probability of the decay of an excited state can then be expressed by
pi→f =
Γif
Γi
. (2.3)
This quantity is also called branching ratio to the state f . An often used symbol is
the branching ratio to the ground state b0. This is dened by:
b0 = pi→0 =
Γi0
Γi
. (2.4)
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Ex
ground state
intermediate state f
excited state i
Γi0
Γif
Γn, Γp, ...
Figure 2.1  Decay possibilities of an excited state.
For low-lying states the values of pi→f can be calculated directly. The transition
widths are deduced experimentally for the well separated states at low excitation
energies. In Fig. 2.2, this area is labeled with the comment discrete states. In
the energy region of the neutron separation threshold the states are very close2.
The general statistical model discussed later in this work is valid in this region. A
discussion of these regions is important for the correction of inelastic scattering and
given in Sec. 3.9.
Ex
Sn
discrete states
semi-statistical regime
statistical regime
Figure 2.2  Schematic view on the state distribution.
Following the general assumption done in Ref. [Bart 73] the average width can be
calculated by the following equation:
2At this point one has to mention, that special nuclei exist like the double-magic nucleus 208Pb.
For these nuclei and very light nuclei the level density below the neutron threshold is still quite
low and nearly all states and branching are known.
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< ΓXLif >=
fXLif (Eγ) · E2L+1γ
ϱ(Ei)
, (2.5)
Here, the transition width got two new superscripts. Electric or magnetic transitions
are distinguished by X while L gives the multi-pole order of the transition. As one
can see this number can be expressed by two quantities besides the transition en-
ergy. Both, the strength function and the level density will be discussed in detail in
the next chapters. All statistical codes which are used to extract strength functions
from data, like γDex [Schr 12, Mass 13], DICEBOX [Becv 98] or others [Kawa 10]
are based on the previous equations. Within this work an update of the γDex code
was done, the details are given in Sec.A.2. The code is used in Sec. 3.9 to calculate
the amount of inelastic scattered events in the spectrum.
2.1.2 Strength functions
Strength functions are a statistical quantity to describe the transition strength be-
tween nuclear states as mentioned in the introduction. In dependence on the spin
and parity of the participating states, one can distinguish between E1, M1, E2 and
higher orders. E1 stands for electric dipole, E2 for electric quadrupole, while M1
denes magnetic dipole radiation and so on. The selection rules determine the type
of transition. The momentum transfer in reactions with photons is low. So the
dominating function is the one of the electric dipole strength.
In reactions of photons with even-even nuclei the excitation starts from the ground
state with spin J = 0 and parity π = +. Fig. 2.3 gives an overview on possible
excitations in an even-even nucleus.
0
+
0
+
0
+
1
−
1
+
2
+
E1 M1 E2
Figure 2.3  Overview of dominant excitation in NRF experiments on even-even
nuclei
In principle a dipole strength function can be transformed into an photo-absorption
cross section when starting from the ground state under the assumption of domi-
nating dipole strength.
< σabs >=
2Jf + 1
2Ji + 1
π2ℏ2c2 fL E2L+1x . (2.6)
In this formula fL is for L = 1 the combined dipole strength of M1 and E1. Ex is
the excitation energy. Ji and Jf take into account the spin of the initial and the
7
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nal state, while L describes the multi-pole order. The formula is only valid for
states in the quasi-continuum of unresolvable states as indicated by the usage of the
statistical quantity strength function. It can only predict an average cross section
< σabs > which is also a sum of all possible dipole orders L and possible nal states
Jf . In the case of photon scattering the electric dipole transition is dominating the
cross section. However, the rst three strength function E1, M1 and E2 will be
discussed in the following, because all of them are needed in the analysis of the data
determined at ELBE.
0 5 10 15 20
Eγ (MeV)
10
−13
10
−11
10
−9
10
−7
10
−5
f (
M
eV
−
3 )
fE1
fM1
fE2
sc
is
so
rs
 m
od
e
is
os
ca
la
r s
pi
n−
fli
p
is
ov
ec
to
r s
pi
n−
fli
p
x Eγ
2
Figure 2.4  The dierent strength functions models for 124Xe in dependence on
the transition energy. The dierent resonances in the M1 strength are
marked. The E2 strength function is scaled up with a factor E2γ .
E1 - strength functions
Electric dipole strength functions are studied well since the 1950s. The prominent
structure of the giant dipole resonance (GDR) was already found 1948 by Goldhaber
and Teller [Gold 48]. The GDR so far is understood as an oscillation of the neutrons
of a nucleus against its protons. The mean energy of the GDR is in general found to
be above the particle separation threshold. Data sets from experiments using (γ,n)
reactions are used to parametrize the GDR, as shown e.g. in Fig. 2.5.
The shape of GDR is usually tted by a Lorentzian function. The single Lorentzian
Model (SLO) ts the resonance distribution with one curve, in case of deformed
nuclei with two [Capo 09]. This approach overestimates the total width of the res-
onance in many nuclei as pointed out in Ref. [Jung 08]. Therefore, a new model is
proposed by its authors. The GDR is a combination of three Lorentzian functions
(TLO), one Lorentzian for each axis of rotation in analogy to the three-dimensional
oscillator.
8
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< σabs > (Eγ) = 1.288
N Z
A
3∑
k=1
E2γ Γk
(E2k − E2γ)
2
+ E2γΓ
2
k
(2.7)
This work follows the description of Ref. [Jung 08]. Here, Ek is the centroid energy
of the Lorentzian, calculated by a liquid-drop model and Γ stands for the width of
the Lorentzian. The detailed denition and the dependence of the nucleon numbers
A and Z of the parameters can be found in the reference.
The advantage of the TLO model is the approach of global description based only
on the nucleon numbers and the deformation parameters. It can predict strength
function in nuclei, where no (γ,n) reaction data is available. The predictive power
comes from a global t of the width Γk and a smooth variation over A and Z. The
RIPL3 compilation [Capo 09] oers also a theoretical prediction by Goriely et al,
see also [RIPL3]. A comparison of models is shown in Fig. 2.12 in Sec. 2.1.5. The
E1 strength is normalized in both cases to the Thomas-Reiche-Kuhn (TRK) sum
rule [Ring 80], which reads:∫
σ(E)dE =
2π2ℏe2
mnucleon c
NZ
A
≈ 60NZ
A
[MeVmbarn] (2.8)
The E1-strength function is the initial input for γDEX simulations presented in
Sec. 3.9. It is also presented as reference for the experimental results in Sec. 4.
5 8 11 14 17 20
Ex (MeV)
10
100
σ a
bs
 (
m
b)
138
Ba (γ, γ ’) Tonchev et al.
138
Ba (γ, n ) Berman et al.
RIPL3 SLO−fit
RIPL3 thoeretical prediction
TLO model
Figure 2.5  Photo-absorption cross section of 138Ba. Experimental data for (γ, γ′)-
reactions [Tonc 10] (black circles) and (γ,n)-reactions [Berm 70] (brown
circles). The last data set is the base for the t with a single Lorentzian
(red line) given in RIPL3 [RIPL3]. This compilation oers also the
prediction by Goriely et al. (blue line). The triple Lorentzian prediction
[Jung 08] is also shown (green line).
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M1 - strength functions
The magnetic dipole strength function is also described in RIPL3 as a Lorentzian
function. On the other hand, a compilation by Heyde et al.[Heyd 10] shows that the
M1 strength is split up into three parts: the deformation dependent scissors mode
at about 3MeV excitation energy, an isoscalar and an isovector spin-ip mode at
about 6 and 8MeV excitation energy, respectively. Therefore, for the M1 strength
the following distribution is used [Schr 12, Mass 13] :
fM1(Eγ) =
3∑
i=1
Ai · e
−(Eγ−Ei)
2
2σi
2 . (2.9)
In this equation the three parts of theM1 strength are represented by three Gaussian
functions. In Table 2.1 an overview is given.
component Ai (GeV−3) Ei (MeV) σi (MeV)
orbital/scissors (Zβ2)2/62 0.21 EGDR 0.85
isoscalar spin-ip A/9.3 34 A−1/3 0.85
isovector spin-ip A/9.3 44 A−1/3 1.27
Table 2.1  Parameters for the M1 strength function given in Eq. (2.9). Ai is the
integrated strength of each part. The energy of the maximum Ei and
the standard deviation σi of each M1 component is also given. The
quadrupole deformation β2 is the same as used for the E1 strength.
For the centroid energy EGDR the denition as given in Ref. [Jung 08] is
used.
This parametrization is used in the analysis of previous experiments [Schr 12, Mass 13].
In the latter case, the analysis of a 196Pt-(γ, γ′) experiment, a short comparison of
known M1 strength in discrete states and the scissors mode predicted is given and
shows that this model reproduces the strength well.
Fig. 2.4 shows quite well the dierent parts of the M1 strength and also its minor
inuence compared to E1 strength. The unique experimental conditions of the HIγS
facility, presented in Sec. 2.2.3, allowed us to check if this description of M1 strength
is suitable. It the Chapter 4.6 the results for the two isotopes 128Xe and 134Xe, which
were measured there, can be found.
E2 - strength functions
The electric quadrupole strength is about an order of magnitude lower than the
dipole strength functions, see also Fig. 2.4. In the simulation of inelastic transitions
they are needed to put in eect transitions in even-even nuclei between low-lying
states with spin Jπ = 2+ and the ground state (Jπ = 0+).
Due to the poor available database the recommendation of RIPL3 is used. The E2
10
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strength is described by a single Lorentzian function, a denition which is used also
in the γDEX code.
fE2(Eγ) =
1
(πℏc)2
1
Eγ
σ0Γ
2
0
(E20 − E2γ)
2
+ E2γΓ
2
0
(2.10)
The centroid energy E0 , the maximum value σ0 and the width Γ0, all dependent
only on A and Z are given by the following equations.
σ0/mb =
0.00014Z2E0
A1/3Γ0
(2.11a)
E0/MeV = 63A
−1/3 (2.11b)
Γ0/MeV = 6.11− 0.021A (2.11c)
2.1.3 Pygmy resonance
The term pygmy resonance is used in last years frequently with dierent mean-
ings. It has been found already in 1961 by Bartholomew [Bart 61] that at en-
ergies above 5MeV a signicant increase of strength can be seen, which exceeds
the trend described by the tail of the GDR. This nally lead to the notation
pygmy strength for E1 strength not attributed to the GDR [Savr 13]. A con-
nection between neutron rich nuclei and the occurrence of additional strength was
found [Van 92] and theoretical calculations related the phenomena to a vibrating
neutron skin [Tson 04, Litv 09].
As one can see in Fig. 2.6 the nucleon densities depend on the excitation energy.
For the GDR (high excitation energy, lower sub-gure) the neutrons and the proton
oscillate against each other. For energies around 7MeV the inner neutrons and
protons are oscillating in same phase, while a few outer neutrons vibrate against
them. For energies between, a region is found where a mixture of both modes is
existing.
Experiments were performed in order to investigate the nature of the strength in the
pygmy region. A split into an isoscalar and an isovector part [Endr 09] was found.
In Fig. 2.7 the dierent response of selected peaks in a medium-mass nuclei is shown
when exciting with dierent particles. A systematic analysis of the strength in
the pygmy region as function of the neutron excess exists for spherical nuclei, e.g.
[Schw 13], where the spherical even-even nuclei with neutron number N = 50 have
been measured. Also for the heavier nuclei along the neutron line N = 82 [Savr 08].
However, due to the lack of possibilities to distinguish in experiment between a
response from a pygmy state or a state which has its origin in the GDR has changed
the meaning of pygmy resonance. By citing again Ref. [Savr 13] one can say, that
today the term Pygmy Dipole Resonance is frequently used for the low-lying E1
strength.
The term pygmy is often also mixed with the natural phenomena of an increasing
number of visible states at higher excitation energies. This growing number is caused
by the nuclear level density which describes the growing number of possible states
due to an increasing phase space. This important quantity will be discussed in the
following subsection.
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Figure 2.6  Nucleon transition densities for dierent excitation energies calcu-
lated with Relativistic Quasi-Random Phase Approximation (RQRPA,
[Litv 09]). Figure taken from Ref. [Savr 13].
2.1.4 Level densities
The density of nuclear states is usually factorized [Koni 08, Egid 09]. The factors for
the excitation energy dependence, parity π and spin J are discussed in the following.
ρ(Ex, J, π) = ρ̃(Ex)f(J)P (π) (2.12)
ρ̃(Ex) - energy dependence
For the analysis of the presented isotopes the constant temperature model (CT)
is used in this work. The preference of this model is based on recent publication
[Schm 11]. The deviation of the model from experimental values below a critical
temperature (around 2MeV) can be neglected, because for the simulations of inelas-
tic transition the rst excited states, known from ENSDF database [ENSDF] are
inserted. The exponential increase
ρ̃(Ex) =
1
T
e
E−E0
T (2.13)
is determined by the temperature parameter T . Both parameters E0 and T are
usually adjusted by tting the curve at two points. The lower point is given by
12
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Figure 2.7  Subgure (a) shows the observed photon-spectrum in a (α, α′γ) reac-
tion. In (b) the cross section deduced in (α, α′γ) is shown while the
lower subgure shows the strength distribution in (γ, γ′) experiment on
the same nucleus. Fig is from Ref. [Endr 09].
the density of discrete states. The higher point is the density of known neutron
resonances. In the reaction:
A−1
Z X + n 7→
A
ZX
∗, (2.14)
one is able to estimate the density ρ(Sn) for a small energy window. For the chain of
xenon isotopes experimental data and therefore parameter also exist only for 130Xe
and 132Xe. As shown in other works [Lars 13], one can estimate the values for the
other xenon isotopes by the trend of existing data from neighboring isotopes. These
values, see Tab. 2.3, agree to with predicted ones by RIPL3 [RIPL3] and also to
those which are used as in input in the TALYS code [TALYS].
In Fig. 2.8 it is shown, how the level densities at the neutron separation energy, cal-
culated with the parameter in this work, follow the general trend with the chain of
xenon isotopes. It can bee seen that for all presented isotope chains most of the even-
odd nuclei are well measured. These are the lower points of each series. The upper
ones are the even-even nuclei, for xenon 130Xe and 132Xe, as mentioned before. The
dierence between the absolute number in odd and even nuclei can be explained by
the dierent threshold values. For even nuclei the values are higher (Sn ∼10MeV)
while for odd nuclei the values are lower (Sn ∼7MeV). The parametrization of
Ref. [Egid 09] is used to produce the data of Fig. 2.8. Especially the spin distribu-
13
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Figure 2.8  Measured level densities at the neutron separation threshold [Egid 09]
for the target nuclei in dierent isotope chains. For better visualization
the calculated data points of this work are connected (blue dashed line).
tion, discussed in detail in the next chapter, is important. The experimental level
density at the neutron threshold ρ(Sn) is deduced only for special spin combinations.
According to the data collected in the Ref. [Mugh 06, Fire 99] one has to consider
the spin 0 and 1 (124Xe and 128Xe) or 1 and 2 (132Xe and 134Xe).
f(J) - spin dependence
The spin distribution in the γDEX update, see AppendixA.2, is taken from the
one favored by Ref. [Egid 09]. The basic function
f(J) = e−
J2
2σ2 − e−
(J+1)2
2σ2 (2.15)
needs a second parameter σ which is energy dependent:
σ2 = 0.391A0.675(Ex − 0.5P )0.312. (2.16)
The deuteron pairing energy P can be taken from the reference as a tabulated value.
The pairing energy has to be given in MeV which counts also for the excitation
energy Ex. As one can see in the formula, the spin distribution is also energy
dependent and contradicts to the strict split given in Eq. (2.12). In Fig. 2.9 the
spin distributions and as well as their mean values can be seen in dependence on
the excitation energy. The mean values smoothly increases towards higher energies.
The staggering of even and odd spins [Egid 09] in even-even nuclei is taken into
account. Even spins are preferred in such nuclei. This observation is true for spins
at low excitation energies and adopted to higher energies in this work.
feven−even(J) = f(J)(1 + x), (2.17)
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with
x =

+0.277 even spins
−0.277 odd spins
+1.02 spin 0.
(2.18)
This staggering is part of recent discussions in the community, especially the van-
ishing of the staggering at higher excitation energies3. As one can see in Fig. 2.9,
the staggering does not disappear in this model at higher excitation energies but it
is smoothed. For the analysis of the inelastic transitions the staggering has been
used in order to be consistent within the model of Ref. [Egid 09].
The mean value of the spin distribution grows with the excitation energy. For the
analysis of the inelastic spectrum spins up to J = 5 are considered. This requires
two E2 transitions, starting from an excited state with Jπ = 1−. As mentioned in
the chapter before the E2 strength function is orders of magnitude lower than the
dominating dipole transitions, cf. Fig. 2.4. Higher spin ranges have been tested in
the cascade simulations, but no signicant change in the intensity distribution of
inelastic transitions has been seen.
0 2 4 6 8 10
J
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0.3
0.4
f(
J)
Ex =  2 MeV
Ex =  4 MeV
Ex =  6 MeV
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Ex = 10 MeV
Figure 2.9  Spin distribution of 124Xe at dierent excitation energies. The dashed
lines on the spin axis show the mean values corresponding to the dis-
tribution with the same color.
P(π) - parity dependence
The parity distribution of states in a nucleus used in this work is based on the
work of Ref. [Al Q 03]. The following equation, taken from this work,
π±(Ex) =
1
2
(
1± 1
1 + e(Ex−δp)3MeV−1
)
(2.19)
3Discussions of the author at the 4th Workshop on Nuclear Level Density and Gamma Strength,
Oslo, May 27 - 31, 2013
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type of nucleus a0 a1 a2
even-even 1.34 75.22 0.89
even-odd -0.08 75.22 0.89
odd-even -0.42 75.22 0.89
odd-odd -0.90 75.22 0.89
Table 2.2  Overview on the parameters used for the calculation of the pairing shift
δp in Eq. (2.20), see also Ref. [Al Q 03]
needs only one parameter, the pairing shift δp, to vary the formula for dierent
nuclei. The relation between δp and the nucleon mass number A is:
δp = a0 + a1 A
−a2 . (2.20)
The denition of the parameters ai is given in Tab. 2.2. The parity model is claimed
to be valid for A ≤110. However, it was used also successfully in heavier nuclei,
e.g. to describe the photon spectrum after neutron capture in 196Pt [Mass 13] or for
photon-scattering experiments on 136Ba [Mass 12].
In Fig. 2.10 one can see some dierences between the parity ratio of positive states
from ENSDF [ENSDF] and the prediction by Eq. ( 2.19). The parity ratio of known
states is presented in 1-MeV bins. The reason for the deviation between data and
model is the incomplete knowledge about the nuclear level scheme. For the lightest
nucleus 124Xe 199 states are known. Unfortunately, the most of the information
are from a 82Se(48Ca,6nγ)-experiment with a focus on high spin physics behavior.
In such an experiment mainly the connective E2 transitions of rotational bands,
are observed and only states within such bands without parity change are deduced.
Going to the heavier isotopes the data situation is quite poor. For 132Xe and 134Xe
one has found until now only 75 and 37 states, respectively.
2.1.5 Nuclear deformation
Various nuclear physics text books, e.g. [Maye 02, Bohr 75a, Bohr 75b, Hami 75]
parametrize the shape of a nucleus by the following formula.
R(θ, ϕ) = R0
(
1 +
∑
λ,µ
aλµY
µ
λ (θ, ϕ)
)
(2.21)
Motivated by the liquid drop model, it describes the shape of a nucleus with the
spherical harmonics Y µλ (θ, ϕ) and the average radius R0 [Maye 02]. For λ = 0 one
gets the spherical shape. For λ = 1 the translation of the nucleus is described. The
rst possible order of an excitation without a movement of the center of mass is
λ = 2 (with |µ| ≤ λ). By choosing the axes of symmetry as axes of the coordinate
system two parameters β2 and γ are sucient to describe the system.
a20 =β2 cos γ (2.22a)
a22 =
β2 sin γ√
2
(2.22b)
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Figure 2.10  Parity distribution in the four measured xenon nuclei compared with
the prediction by Eq. (2.19).
Here, the two parameters β2 and γ are introduced, which are already used in the
description of the deformation in the TLO-model. So β2 describes the size of de-
formation, whereas γ is used to describe the deviation from the axial-symmetric
shape.
Figure 2.11  Detailed view on area 1 of Fig. 1.1. The contour plot of the deforma-
tion parameter β2, taken from Ref. [Mars 63] shows how the defor-
mation changes with the neutron and proton number. The red stars
represent the measured xenon isotopes.
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The three axes (k = 1, 2, 3) of the nucleus can be described by these two parameters
and the average radius R0 [Hami 75].
Rk = R0
(
1 +
√
5
4π
β2 cos(γ −
2π
3
k)
)
(2.23)
As one can see in Tab. 2.3 the deformation β2 changes within the chain of xenon iso-
topes. The deformations increases with the nucleon number A. The same statement
is plotted in Figs. 2.11 and 2.12. The latter one presents the prediction for two E1
models. Unfortunately no (γ, n) data is existing so far for the measured nuclei and
no preference on a reference value for the experimental deduced values is done.
The inuence of the deformation on the E1 strength of the GDR is quite well in-
vestigated. But not only the resonance is inuenced. Fig. 2.13 shows that also the
strength in the low-energetic tail is changing. For dierent values of β2 the cross
section distribution is calculated with the TLO model. The integral of each curve
full-lls the Thomas-Reiche-Kuhn sum rule. The deformation parameter is changed
from β2 = 0.1 (almost not deformed) up to β2 = 0.3 (deformed). In the right sub-
gure the cross section in an energy interval below the neutron separation energy is
plotted. As one can see, the cross section of the deformed realization is increased
relative to the not deformed one by up to 25%. The picture shows that in deformed
nuclei the GDR is broadened and strength is shifted towards both tails. For lower
energies this results in increased cross sections. For the electric dipole strength the
inuence of the deformation can be discussed with in existing model which have
been adjusted on the wide range of existing γ, n-reaction data sets.
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Figure 2.12  Photo-absorption cross sections for all even-even xenon isotopes.
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Figure 2.13  Left subgure: Distribution of the photo-absorption cross section for
128Xe with dierent deformation parameter β2 (dierent colors) cal-
culated with the TLO model. Right subgure: Average cross section
in an energy interval at the tail of the GDR (upper gure, same color
code). In the lower subgure the ratio relative to the value with
β2 = 0.1 is shown.
For the M1 PSF the situation is dierent. The limited facilities which can provide
polarized beams in order to investigate the weaker M1 strength and a possible mix-
ing of M1 and E2 make the situation dicult. In experiments with low excitation
energies [Rich 90, Zieg 90, Heyd 10] it has been shown that the square of the defor-
mation parameter β2 is proportional to the centroid energy and the summed strength∑
B(M1) of the scissors mode. A detailed study at low energies at all even-even
isotopes of xenon [Garr 06] conrmed this behavior. For the spin-ip resonance,
which is located at higher excitation energies, the centroid energy is assumed to be
independent from the deformation [Heyd 10]. The split-up of the spin-ip mode into
an isoscalar and isovector part [Frek 90] is seen in their centroid energies which are
located at Ex = 34A1/3MeV (isoscalar) and Ex = 44A1/3MeV (isovector) [Rich 95],
respectively.
2.2 Experimental facilities
2.2.1 Target material
Xenon is a noble gas and under normal conditions gaseous. In order to have a rea-
sonable amount of target material inside a volume at which the initial photon beam
can hit it, one has to put the gas under high pressure. All the targets, presented in
19
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isotope particle thresholds level density parameter deformation
Sn (MeV) Sp (MeV) E0 (MeV) T (MeV) β2 γ (◦)
124Xe 10.483 7.006 0.44 0.58 0.21 21
128Xe 9.607 8.162 0.22 0.67 0.18 27
132Xe 8.936 9.125 0.32 0.72 0.14 28
134Xe 8.552 9.527 0.05 0.76 0.11 30
Table 2.3  Overview on the quantities of the used xenon targets. The numbers for
the constant-temperature model are taken from Ref.[Egid 09]. The pa-
rameter β2 is taken from Ref. [Rama 01] and the shape parameter γ was
estimated with the help of the general trend, presented in Ref. [Andr 94].
this work, have been frozen out into a steel container [Rupp 09] (see also Fig. 2.14).
The steel container has a wall thickness of 0.6 mm (0.5mm for 128Xe) and an inner
diameter of 20 mm. The total mass of the container is about 9 g. Each weight of a
container was determined before it was lled, cf AppendixA.3. Two dierent types
of container exist so far at the HZDR, which dier a little bit. The rst one, was
produced by the group of Käppeler et al [Rupp 09]. The isotope 128Xe of the rst
measurement was lled in such a container. After that a new series of container was
designed and produced at HZDR with the same geometrical sizes. These were used
for the measurements on all the other isotopes, presented at this work.
In Fig 2.15 one can see that 2 g of xenon under a pressure of about 30 atm and at
room temperature is still in a gaseous phase. These conditions are the one which
are given for our targets. This gaseous phase is important because it ensures a
homogeneous distribution of xenon in the steel container. A coexistence of a phase
of liquid xenon and a little phase of remaining air inside the steel would cause ad-
ditional correction in the terms of target area determination and detection eciency.
Figure 2.14  Photo of the used steel container.
As one can see in Table 2.3 the dierent isotopes dier over a range of nuclear
deformation. Also the neutron to proton ratio changes within the isotope chain. As
a result of this changing neutron and proton separation thresholds can be found.
In 124Xe the σγ,p channel opens at an excitation energy of 7MeV. An important
point would be how much intensity is lost in the photon-scattering cross section σγ,γ
when a second channel opens, because the produced protons can not be measured
20
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Figure 2.15  Phase diagram of xenon [WolframAlpha]. The critical point is at
16.6◦C and a pressure of 57.6 atm. The pressure for 2 g of natural
xenon in a steel container like it is used in the experiment would be
at room temperature about 30 atm and lies at the edge still in the
gaseous phase.
with the current setup. As one can see in Fig. 2.16, where cross sections of the
separate channel are estimated with the TALYS code [TALYS], the cross section for
the proton knock-out starts to increase in a measurement with 124Xe at excitation
energies around 10.5MeV. At this energy also the σγ,n channel opens, which results
in a drop of the photon-scattering channel. This threshold is usually the upper
threshold for this kind of experiment. The dierence between expected threshold
and the opening of the σγ,p channel can be explained by the suppression by the
Coulomb barrier [Shod 79]. Therefore, the inuence of this low-lying exit channel
can be neglected.
2.2.2 ELBE
The electron accelerator ELBE provides high currents (up to 1.6mA) for dier-
ent experiments with secondary radiation, produced by these electrons. At the
bremsstrahlung facility γELBE [Schw 05] electrons with energies up to 16MeV can
be used to produce bremsstrahlung in a thin niobium foil. The energy is set to
12MeV for our experiments with dierent xenon isotopes. This ensures a con-
tinuous photon ux up to the threshold and beyond. As shown in Fig. 2.17, the
bremsstrahlung production is located in the accelerator hall, while the detectors are
placed in a separate cave. The wall between the two rooms contains a collimator.
The photons have a distribution which will be discussed furthermore in Sec. 3.7. An
additional 10-cm aluminum-made block is placed before the collimator. It increases
the ratio of high-energetic photons to one with lower energy. After the collimator
a deuterized foil is placed. Silicon detectors catch protons which are produced by
the deuteron break-up. This method allows for an independent determination of the
endpoint energy of the bremsstrahlung spectrum.
The photons hit at the target position the material of interest. Not-scattered pho-
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Figure 2.16  Photo-absorption cross section calculated for the dierent measure
xenon isotopes calculated with TALYS. The dierent exit channels
are given in a new color, respectively. The particle thresholds are
marked.
tons are caught at the end of the beam line in a beam dump made of polyethylene
and lead.
Around the target position four High-purity Germanium (HpGe) detectors are placed.
These detectors have 100% eciency relative to a 3x3 inch NaI scintillation detector.
Two of the detectors are placed under 127◦ relative to the beam axis in a distance
of 32 cm to the target. Two detector are situated under 90◦ in 28 cm distance. The
reason for this alignment can be seen in Fig. 2.18. The ratio of dipole excitations
over quadrupole excitations reaches a maximum at 127◦ and a minimum at 90◦. This
ensures that the multi-pole character of the detected radiation can be determined
with sucient accuracy.
Each HpGe detector is surrounded by a bismuth-germanate scintillation detector
(BGO). The second detector is used as a veto detector for γ rays which have scattered
within the germanium detector. It reduces the amount of counts in the measured
spectrum which have not deposit their full energy inside the germanium detector.
The detectors are surrounded with lead shields and have a 10-cm thick collimator
in-front in the direction of target. In front of the collimator thin copper and lead
plates are xed in order to reduce the amount of low-energetic photons impinging
onto the detector. The thicknesses for theses absorbers are 3+13 mm and 3+8 mm
for 90◦ and 127◦, respectively. Details on these detector setups can be found in the
two theses [Ruse 07, Mass 11] and Ref. [Schw 05, Mass 12].
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Figure 2.17  Overview on the experimental cave at the ELBE facility in Dresden
[Schw 05]. Only the detectors under 90◦ are shown.
Figure 2.18  The angular distribution for an excitation on a nucleus with ground
state spin 0. The distributions for elastic scattering are given for
dipole (dashed line) and quadrupole excitations (solid line).
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Figure 2.19  Detector setup at ELBE [Mass 11] taken from the GEANT4 simula-
tion. The HpGe detectors (red) are surrounded by a BGO detector
(white), respectively and lead shielding (yellow).
2.2.3 HIγS
At the High-Intensity γ-ray source (HIγS) [Well 09] of the Free-electron laser (FEL)
laboratory of the Triangle Nuclear Laboratory in Durham a beam time was per-
formed with the goal to measure photon scattering on 128Xe and 134Xe. At the
Duke electron storage ring electrons with energies up to 1GeV circulate in bunches.
As one can see in Fig. 2.20 two bunches are running through the ring at one time.
The rst one is used to create on one of the linear parts of the track FEL-light
by running through a line of counter-wise oriented magnets, a so-called undulator.
The produced laser photons are linearly polarized, peaked in forward direction and
reversed in direction by a mirror. The second bunch of electrons in the storage
ring interacts with these photons at a well dened collision point. By this inverse
Compton scattering method the kinetic energy of the electrons is used to boost the
photons to energies up to 100MeV. By scaling the electron energy one is able to
produce quasi mono-energetic photons with adjustable energies. The energy spread
depends on the collimator which is used [Wu 06, Sun 11]. For our experiments the
average energy width was around 0.3MeV. The chosen beam energies have been 6.0,
6.3, 6.6, 6.9, 7.2, 7.5, 7.8, 8.1, 8.4, 8.7, 9.0, 9.3 and 9.6MeV (the last three ones only
for 128Xe). Details on the photon ux will be described in Sec. 3.11. In addition to
this, the polarization of the FEL-photons is conserved in the scattering process, so
the nal polarization is close to 100%.
At the target position the same targets as used in the experiments in Dresden are
used. Four HpGe detectors were placed perpendicular to the beam in order to ob-
serve scattered γ-rays. Two of them are placed in the polarization plane, two them
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Figure 2.20  Schematic overview [Well 09] on the Duke storage ring and the high-
energy photon production at HIγS.
Figure 2.21  Angular distribution of scattered photons at HIγS for dierent excita-
tions. In all sub-gures the z axis describes the beam direction while
the y-and z-axis together span the polarization plane [courtesy of G.
Rusev].
are situated in an angle of 90◦ relative to the direction of polarization. This cong-
uration allows us to distinguish easily between E1 and M1 excitations. In Fig. 2.21
the angular distributions for dierent types of excitation are shown. As one can
see a fth detector is recommended to distinguish between M1 and E2 transitions.
Therefore, a fth HpGe is placed under an angle of 125◦ relative to the beam axis.
The determination of the ux distribution was done by a sixth HpGe detector which
can be placed directly in the photon beam shortly behind the target position. The
beam was attenuated, because otherwise the detector might by destroyed by high
photon-ux and a possible pile-up of events would also smudge the measured spec-
trum. The attenuation was done by copper-plates of dierent thicknesses which
were place in the beam before the target position.
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2.3 Calculation of the photo-absorption cross section
The photo-absorption cross section at a certain excitation energy σγ(Ex) can be
integrated over a certain energy bin ∆E:
Is =
∫
σγdE ≈ σγ∆E. (2.24)
In classical spectroscopy work (e.g. Ref. [Chap 84, Ajze 90, Bauw 00, Ruse 09c]) the
integrated cross section Is is often related to the cross section of a single transition.
This denition for the reference cross-sections is also in the following equation:
Is(Ex)
Is(ERefx )
=
(
Aγ(Eγ, θ)
W (Eγ, θ)ϵ(Eγ, θ)Φγ(Ex)NN
)
·
(
Aγ(E
Ref
γ , θ)
WRef(ERefγ , θ)ϵ(E
Ref
γ , θ)Φγ(E
Ref
x )N
Ref
N
)−1
. (2.25)
The following quantities are used within this equation:
@ ELBE @ HIγS
Is(Ex) is the integrated photo-
absorption cross section for
the measured isotope at
the excitation energy Ex as
dened in Eq. (2.24). The
bin width for the nal results
is 0.2MeV.
is the integrated photo-
absorption cross section for
the measured isotope at
the excitation energy Ex as
dened in Eq. (2.24). Due to
the steps of chosen excitation
energy the bin width is
0.3MeV.
Is(E
Ref
x ) is the integrated absorption
cross section of a single state
in 11B [Ajze 90, Ruse 09c]
is the absorption cross sec-
tion of a single state in 56Fe
[Chap 84, Bauw 00] which
occurs within the chosen ex-
citation energy.
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@ ELBE @ HIγS
Aγ(Eγ, θ) is the measured intensity at
a certain energy Eγ and an-
gle θ to the beam which is
90◦ or 127◦. This intensity
has to be corrected for de-
tector response, atomic back-
ground, inelastic scattering
and branching, as described
in Sec. 3
is the measured intensity at
a certain energy Eγ and an-
gle ϕ. Here, the angle is
relative to the polarization
plane and allows to distin-
guish between E1 and M1
transitions. This intensity
has to be corrected for de-
tector response and branch-
ing. The possibility of the
HIγS facility to work with
mono-chromatic beams has
the advantage that one can
clearly separate between elas-
tic and inelastic scattering.
Also the inuence of atomic
background is negligible in
the region of analysis. For de-
tails see Sec. 3.11.
Aγ(E
Ref
γ ) is the intensity of a transi-
tion of the reference isotope
11B deduced in the measured
spectrum
is the intensity of a transi-
tion of the reference isotope
56Fe deduced in the measured
spectrum
W (Eγ, θ), WRef(ERefγ ) is the angular correlation un-
der a certain angle. It is
dened as W (θ) = 3/4(1 +
cos2(θ)) for dipole excitations
[Hami 40, Knei 96]. For the
transitions in 11B the angular
correlation factors for the two
angles can be found in Ap-
pendixA.4
is the same quantity in both
detector pairs, because the
E1 and M1 distribution have
the same value for their corre-
sponding detector under 90◦.
cf. also Fig. 2.21.
ϵ(Eγ, θ), ϵ(ERefγ , θ) is the absolute eciency for
γ-rays starting at the tar-
get position determined by
GEANT4 [Agos 03] simula-
tions for each detector.
For the experiments only the
eciency ratio is necessary,
and also only needed if the
reference line in 56Fe has a
dierent dipole nature than
the kind one would like to de-
termine. It is taken at the
same excitation energy and it
is assumed that the eciency
does not change within the
bin width of ∆E = 0.3MeV.
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@ ELBE @ HIγS
Φγ(Ex), Φγ(ERefx ) this is the value of the ux
at the energy Ex for the mea-
sured isotope or for the refer-
ence isotope 11B at the peak
energies, see AppendixA.4.
is the ux distribution for the
given excitation energy. The
ux distribution is shown in
Sec. 3.11.
NN is the number of xenon nu-
clei in the measured isotope
in the beam
is for the measured isotope
the number of xenon nuclei
NRefN is the number of
11B nuclei in
the beam
is the number of 56Fe nu-
clei in the beam. It was
assumed that the steel has
a contribution of about 90%
56Fe. By geometrical calcula-
tion the amount of steel in-
side of the beam was esti-
mated to be around 6 g.
For the determination of the total cross section, one can summarize that Eq. (2.25)
uses the well-known cross section of the reference isotope to determine the absolute
photon ux. The cross section can then be calculated by using the classical cross
section formula with the explained quantities:
A = IsW (Eγ, θ)ϵ(Eγ, θ)Φγ(Ex)NN (2.26)
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3 Data Analysis
Main part of this work is the experimental analysis. This chapter explains all im-
portant backgrounds occurring in the experiments. The inuence of beam-induced
background and its correction by simulations with the GEANT4-code are presented.
The same code was used to create detector-response functions which are used to un-
fold the experimental spectrum. An overview about γDEX2 is given. This code,
based on statistical assumptions, is used to estimate the impact of inelastic scatter-
ing.
target
incoming photons
photons scattered on the target ?
flux determination
no
scattered photons reach detector and deposit energy ?
yes, energy calibration of detector signals
no
scattering was a nuclear process ?
yes, efficiency and response simulation with GEANT4
no
nuclear scattering was elastic ?
yes, background simulation with GEANT4
no
photo-absorption cross section σγ
yes, statistical simulation with γDEX
iterative simulations
Figure 3.1  Schematic overview on the analysis of photon scattering experiment at
ELBE.
3.1 Energy calibration
The measured spectra for all four HpGe detector were collected in les containing
3-hour data in time. The sets were tested in a rst step if uctuations in the
gain are observable. In Fig. 3.2 the position relative to the rst 3-h run is plotted
for three representative peaks (1.460MeV on 40K, 3.450MeV and 8.535 MeV from
56Fe). Smooth shifts in gain as shown in Fig. 3.2 are corrected by calibrating all
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individual histograms to run No. 1 and summing them afterwards. Finally, one
obtains one spectrum which represents the integration over the whole measurement
time. This summed spectrum has already a binning which is roughly 1 Channel ≈
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Figure 3.2  Position of three selected peaks during the measurement series of 132Xe
determined by tting the spectrum in one 90◦-detector in relation to
the position at run # 1. The uncertainty represents the uncertainty of
the peak mean. One run is around 3 hours long.
1 keV. This adjustment is done in order to cover with a 14bit-ADC4 the full energy
range up to 12 MeV. A re-binning is performed by tting the prominent peaks of
11B in the spectrum and by determining the mean of well known transition of well
known reference source like 22Na, 137Cs, 152Eu and 60Co. As one can see in Fig. 3.3
the calibration can be done with a linear t, because the used ADC features a low
integral non-linearity.
After re-binning the spectrum to a regime with 1 keV = 1 channel, the spectra of
the measurements have to be analyzed and corrected for natural background and
background induced by the steel container.
3.2 Detector resolution
The HpGe detectors used in spectroscopic experiments have an excellent energy res-
olution for incoming photons, compared to other detector systems, like scintillators.
However, as described in Sec. 2.1.4 the density of nuclear levels is increasing with
excitation energy. In addition, it is expected that the absolute energy resolution of
4Analog-to-Digital-Converter
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Figure 3.3  Energy calibration for detector 03 in the 128Xe measurement. The
upper part shows the relation between γ-ray energy and the measured
ADC channel. The uncertainties are smaller than the size of the black
diamonds, which represent the measured data points. The red line is a
linear calibration function tted to these points. In the lower panel is
the dierence between between the values calculated by the calibration
function and the real energy plotted.
the detector system is increasing with the γ-ray energy. The observable used for this
quantity is the full-width half-maximum of separated peaks. As shown in Fig. 3.4
exists a point at which the two trends are crossing. At around 5MeV the average
distance between two states becomes smaller than the resolution of the germanium
detectors.
This means, if one wants to collect the full information about the cross section
in this energy region, it is not sucient to analyze the peaks only. As shown in
older experiments at nuclei in this mass region, e.g. [Mass 12], about two third
of the strength can be hidden in the quasi-continuum of unresolvable peaks. The
continuum can also be fed by inelastic transitions. The following sections will show
how the spectrum has to be corrected in order to gain the complete information.
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Figure 3.4  Comparison of the widths of prominent peaks, plotted over γ-ray en-
ergy, in the 124Xe measurement (black dots) and the average level spac-
ing given by the level density formula for the measured isotopes. The
level spacing, plot over excitation energy, is given for all spins and par-
ities (solid lines) and for states with the spin-parity combination Jπ =
1− (dashed lines), which are mainly excited in experiments with pho-
tons on even-even nuclei. The data sets are plotted up to the neutron
separation threshold, respectively. For energies lower than 2MeV in
excitation energy information from known states is used.
3.3 Natural and target container background
The natural background during the measurement can be easily deduced by measur-
ing in the same geometry as before. As shown in Fig. 3.5 the natural background
is dominated by the two prominent peaks at 1460 keV and 2614 keV. The rst one
results from the natural decay of 40K, the second one from the decay of the isotope
208Tl which is part of the natural decay series of 232Th. The natural background has
to be removed in two steps. Partly, it is removed from the measured spectrum with
the subtraction of the container background. The natural background is also present
in this measurement. Due to the dierent intensities and measurement times, an
additional background measurement without beam is necessary. This time has to
be adjusted to the measurement time of the lled xenon container:
tfilled = r · tempty + tbackground. (3.1)
Here, the scaling factor r is introduced, which is discussed later in this section. The
measurement time tbackground represents the time for which an additional background
measurement is needed. The natural background has only less inuence on the
measured spectrum. Its count rate is in the order of a few tenth of Hz while during
measurement time count rates around 6 to 8 kHz are recorded. However, it has to
be considered.
As mentioned before in Sec. 2.2.1 the measurements at the chain of xenon isotopes
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Figure 3.5  Count rate of all four detector (blue, red, green, black lines, respec-
tively) caused by natural background.
have the special feature of the high amount of container material in the beam, which
causes additional background. The isotope 128Xe was the rst isotope measured in
a total beam time of about 88 h (detailed table in AppendixA.3). As correspond-
ing empty target spectrum an earlier measurement was used which was collected
with an empty container in the context of investigations of dipole strength at 86Kr
[Mass 11, Schw 13] and which was produced in the same production series.
All other isotopes were measured with the new production series of steel container
designed at HZDR. An additional background measurement was necessary for this
kind of container, in order to avoid uncertainties caused by the dierent chemical
composition of the steel.
Fig. 3.6 shows the scaled spectrum of the empty target measurement in relation to
the experiments with gas-lled containers. The spectrum h which will be analyzed
further is dened as:
hcorrected(E) = hfilled(E)− r · hempty(E) (3.2)
The scaling factor r can be determined by dierent methods:
 measurement time : r =
tfilled
tempty
This method is the quickest method to scale the background spectrum. The
disadvantage is that it is not sensitive to beam uctuations between dierent
beam times. If the photon ux is not stable over the measurement time this
may cause variations in intensity.
 events over Sn : r =
∑
Eγ>Sn
Afilled(Eγ)∑
Eγ>Sn
Aempty(Eγ)
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Figure 3.6  Summed spectrum for the two detectors under 127◦. The red lines show
the scaled empty-target spectra. The black lines show the spectra of the
steel container lled with dierent xenon isotopes, respectively. Figure
is taken from Ref. [Mass 14].
As it is mentioned in Sec. 2.2.2 and shown in Sec. 3.7 the endpoint energy
of the ux is chosen well to cover the whole (γ, γ') channel up to the opening
(γ, n) channel, cf. Fig. 2.16. Incoming electrons with kinetic energies of 12MeV
produce a continuous bremsstrahlung spectrum up to the neutron separation
threshold and beyond. As one can see in in Fig. 2.16 the cross section drops
down and no events should be registered anymore. Due to the background
induced by the container of the gaseous targets events are still registered at
higher energies. As one can see in Fig. 3.6 the threshold is changing within the
isotope chain. The counts between Sn+0.5 MeV and 11.5MeV are taken into
account here. The upper border is determined by the drop of the photon ux
close to the endpoint energy. The lower border allows a possible inuence of
the (γ, γ') channel above the threshold due to a disadvantageous spin barrier
of excited state and nal state after the (γ, n) reaction, as for example seen in
86Kr [Mass 11].
This normalization factor is quite easy to handle, problems might occur from
not-nuclear scattered events, the so-called atomic background, see also Sec. 3.8.
Especially heavier isotopes have a higher neutron-to-proton ratio and a lower
neutron separation threshold (e.g. S
134Xe
n = 8.5MeV). Therefore, still a notice-
able amount of background can be deduced over the threshold. One advantage
is that this method is independent of beam uctuations. The counts corre-
spond to an integrated photon ux in the empty target measurement as well
as in the measurement with the lled container. Also the method is not inu-
enced by the dierent number of atoms of the steel container which are inside
of the beam, because the intensity is proportional to the amount of target
material for every energy region, below and above the threshold.
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Figure 3.7  Ratio of counts in the detectors under 90◦ in the 124Xe measurement
with lled and with empty container. The nal value and its uncer-
tainty are given by the black lines, solid and dashed, respectively. The
points for the measurement-time ratio and the sub-threshold ratio are
given for orientation.
 intensity ratio of discrete peaks: r = r =
(
Afilled(Eγ)
Aempty(Eγ)
)
In this method the ratio between single transitions on 56Fe, one of the main
ingredients of the steel container, is monitored. In Fig. 3.7 the ratio of selected
peaks for the detector pair which is placed under 127◦ can be seen. The peaks
which are used for analysis are listed in the AppendixA.5. This method, like
the second one, is independent from beam uctuations and does also not de-
pend on an additional background, because only peaks are analyzed. As one
can see in Fig. 3.7 some of the lines have large uncertainties. The reason for
this is a mixing of the peaks from the container with peaks of the measured
isotope. Therefore, a weighted average was introduced nally:
r =
∑
i
wi · AfilledAempty∑
i
Afilled
Aempty
(3.3)
with wi as weights, which are dened as the inverted relative uncertainties of
each ratio:
wi =
(
∆ri
ri
)−1
(3.4)
The ri represent the individual ratio of each line analyzed. Some of them have
larger uncertainties, mostly if a contamination with another line occurs.
As one can see in Fig. 3.8 the values are distributed equally around the mean
value calculated with Eq. (3.3). It was also tested if this distribution is energy
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Figure 3.8  Distribution of the intensity ratio used in Eq. (3.3) and plot in Fig. 3.7.
The red and green bars show the distribution below and above 6MeV
excitation energy. The average values used in this measurement is r =
0.71.
dependent. The data set was split in to two parts. The results is also shown
in the gure. There seems to be no energy dependence, which means that
the ux distribution between these the measurements was the same within the
uncertainties.
Finally, the last method was used to determine the normalization factor. An
overview is given in Table 3.1. It is shown, that the ratio of the measurement time is
not comparable to the ones of the other methods. An important point which can be
seen, is, that the normalization factors are not the same for the summed spectrum
of the two detector pairs. A possible explanation for this is the dierent count rates
in the detectors, due to dierent distances to the target. Beside this, the dierent
angles, under which the HpGe are placed, bring also a dierent amount of atomic
background into the measured spectra. Both eects do not have to occur linearly.
As one can see in the table, the eect seems to be supported by the fact that the
ratio of peak intensities is also not the same, but in agreement with the observed
dierence in the number of counts above Sn.
The uncertainties in the method of analyzing the integrated counts above the thresh-
old of the measured isotope are low for isotopes with low Sn measured at high exci-
tation energies. The calculation of the ratio by analyzing discrete peaks has in this
case its advantage in nuclei with higher level density. This seems to be confusing at
the rst view, because higher level density should produce more events in smaller
peaks. However, these nuclei tend to build a broad continuum of unresolvable peaks
where the analysis of the peaks of the steel container is much easier than on 134Xe
with its lower density of levels.
This background determination is one of the key points of this measurement series.
In dierence to solid target experiments usually performed by our group an addi-
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tional uncertainty has to be considered, which increases the relative uncertainty of
the nal results. This uncertainty is caused by the determination of the scaling
factor and is in the order 4-7%.
The background-subtracted histograms are used as starting point for the next steps
in analysis, as it will be shown in the next sections. The subtraction was done in
spectra which have a 10-keV binning.
isotope measurement time ratio ratio above Sn ratio of peak intensities
90◦ 127◦ 90◦ 127◦
124Xe 1.29 0.72(4) 0.85(4) 0.71(4) 0.88(3)
128Xe 2.30 1.57(5) 1.72(8) 1.56(3) 1.82(3)
132Xe 1.91 0.74(1) 0.85(1) 0.72(6) 0.81(6)
134Xe 1.59 1.02(1) 1.20(2) 1.04(3) 1.25(3)
Table 3.1  Overview on the normalization factors r used in Eq. (3.2).
3.4 Compton suppression of the HpGe detectors
Each of the HpGe detectors is surrounded by a BGO scintillation detector. This
scintillator has a high eciency for low-energy γ-rays. Photons which scatter inside
the germanium crystal and escape the crystal after the scattering do not deposit
their full energy These photons give an entry in the spectrum with Eregistered < Eγ.
For classical spectroscopic analysis, which have the aim to resolve as many nuclear
states as possible with exact energy, it is important to work on a spectrum which is
as free as possible from background signals of photons with higher energy.
The scattering inside the detector is mainly caused by two processes. In Compton
scattering the incoming photon interacts with an electron of the germanium crystal
and loses some energy. This loss-of energy depends on the angle between outgoing
and incoming photon. The outgoing photon can escape from the crystal while the
electron is stopped within. The registered energy is lower than the energy of the
original photon. A broad continuum is seen in the spectrum below the full energy.
The second process is the production of an electron-positron pair. This process
has a threshold (Eγ > 2 · me−c2). The produced electron is also stopped in the
detector, while the positron can travel a little bit and will annihilate with another
electron inside the crystal. Two secondary photons with Esecondaryγ = 0.511MeV are
produced. If both are captured the events will be registered still in the full-energy
peak (FE). One escaping photon is the reason for the single-escape peak (SE) which
is situated at the energy E = Eγ - 0.511MeV. If both photons leave the detector
the so-called double-escape peak can be seen in the spectrum at the energy E = Eγ
- 2 · 0.511MeV.
The surrounding BGO-detector can detect the secondary photons for both processes
and give a signal, which can be used as veto signal. As shown in Fig. 3.9 the
single-escape peak can lie very close to other peaks and make their identication
complicated. The veto detector reduces the amount of the events which have not
deposited their full energy and cleans the measured spectrum.
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Figure 3.9  Eect of the BGO veto for detector 3 in a measurement of natural back-
ground. The black line represents all events registered by the HpGe
detector. The red line stands for a histogram of events for which the
HpGe has red, but the surrounding BGO had no signal. The subg-
ure shows how the veto detector can help to reduce the single-escape
peak (SE) and allow a better determination of small peaks like the one
at 2.11MeV. The corresponding full energy peak (FE) is the one at
2.614MeV.
As discussed in the next section the continuum analysis does not depend on the
BGO detector. It is part of the setup in the simulation with GEANT4 [Agos 03]
and can be used as active veto or not.
3.5 Detector response
The spectra corrected for background contains still information from all events scat-
tered from the target. These events can, as discussed in the previous section, deposit
only a part of their energy in the detector.
The detector response function is simulated for all incoming γ ray energies up to
12MeV. Therefore, the detector setup containing the Germanium detectors, the
BGO detectors, their lead shields and their mounting material was implemented in
a GEANT4 simulation. Also the beam tube and the target material were added to
the simulation, as shown in Fig. 2.19.
The response functions for the measurement setup were simulated in 10-keV steps
with a resolution of 10 keV. In the following dierent aspects of the response correc-
tion are discussed, containing the methods of unfolding the response, the inuence
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Figure 3.10  Response matrix for the detector pair under 127◦. Ei is the photon
energy while Ej is the measured energy. All response functions are
normalized for R(Ei, Ej = Ei) = 1.
of the response resolution function and inuence of the BGO-veto to the response
function.
As it will be shown in Sec. 3.6 there is a dierence between point-like source and
extended sources like xenon gas in the target sphere used for our experiment. The
response function used for the analysis of the xenon experiments takes into account
an extended source, while discussion with other data set refer to a point-like source.
The spectrum h(Ei) which is sent by a source would be only for a perfect detec-
tor in accordance to the measured spectrum h∗(Ej). For a real detector, one can
describe the process of the incomplete energy deposit by the so-called response ma-
trix R(Ei, Ej). In this function Ei stands for the incoming photon energy, while
Ej represents the detected energy. Mathematically one can write this down in the
following equation:
h∗(Ej) = R(Ei, Ej) · h(Ei) (3.5)
The response matrix R(Ei, Ej) for the detector pair under 127◦ is shown in Fig 3.10.
For three excitation energies the response functions, which correspond to R(Ei, Ej =
2, 6, 8MeV) are given in Fig. 3.11. The response functions are all normalized in that
way that the value for the full-energy bin equals to one (R(Ei, Ej = Ei) = 1).
3.5.1 Methods of unfolding
The problem written down in Eq. (3.5) is a so-called inverse matrix problem, because
we can simulate the matrix R(Ei, Ej) but we have no information about the incoming
spectrum h(Ei). In the following dierent methods are presented, which have been
tested with the goal to improve the method of unfolding in speed and uncertainty.
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Figure 3.11  Response functions take from the response matrix in Fig. 3.10. The
chosen excitation energies are 2MeV, 6MeV and 10 MeV.
SVD - Singular value decomposition
In this method [Hock 96] the matrix R(Ei, Ej) is replaced by other matrices with
the goal to to have an easier matrix to invert. This method is widely used, e.g. for
particle physics experiment at CERN. An advantage of this method is the imple-
mentation of uncertainties and the calculation of an error matrix. By following the
step-by-step manual given in [Hock 96] for 10-keV resolution, it was not possible to
get useful results. In fact, one has to state that the SVD seems to work probably for
large-binned data sets, where the total rank of the response matrix is in the order of
100. In the case of the response at ELBE the matrix has a size of 1200x1200. This
size has been chosen as higher border for the response simulations. The maximum
beam energy is Eγ = 12MeV , cf. Sec. 3.7. Using the MTL4 package5 in a paral-
lelized C++ code and rebinning the data to 100-keV resolution it is possible to do
all the matrix inversion and SVD's needed in an acceptable time scale (∼30 min).
One can determine an eective rank, as proposed in Ref. [Hock 96] and shown in
Fig. 3.12.
As eective rank a value of 12 was used. The results for this unfolding method
can be seen in Fig. 3.13. The values are scaled down in order to see if the trend is
comparable to the one of the other methods. It was not possible to perform this
method in 10-keV steps. Beside an increased calculation time, errors occur in the
SVD of a 1200x1200 matrix.
Folding iteration method
In this section the steps given in Ref. [Gutt 96] are done. In this method Eq. (3.5)
is solved iteratively. As a rst iteration the incoming spectrum is assumed to be the
5http://www.simunova.com/en/node/24
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Figure 3.12  Comparison of deduced eective rank in the SVD-method for 124Xe
(left) and as shown in an example in Ref. [Hock 96] (right). The right
picture is taken from the reference and has the same axis value like
the left gure.
same like the observed one.
h∗(Ej) = h(Ei)
0 (3.6)
The response is unfolded and h∗(Ej)0 = R(Ei, Ej) · h(Ei)0 is the rst determined
spectrum. The iteration step with the index k is now dened as:
h(Ei)
k+1 = h(Ei)
k +
(
h∗(Ei)−R(Ei, Ej)h(Ei)k
)
(3.7)
This iteration is done until the condition
h∗(Ei) ≈ R(Ei, Ej)h(Ei)k (3.8)
is fullled. The uncertainties of the unfolding are calculated by setting the uncer-
tainty of each bin of the measured spectrum to the statistical value:
∆h∗(Ei) =
√
h∗(Ei) (3.9)
and Eq. (3.7) changes into
∆h(Ei)
k+1 = ∆h(Ei)
k +
(
∆h∗(Ei) +R(Ei, Ej)(∆h(Ei)
k)
)
(3.10)
This equation shows the problem in this method. The uncertainties are increasing
step by step very quickly. Usually after 4-5 iterations, which is a common number of
iterations needed to deduce an incoming spectrum fullls Eq. (3.5) the uncertainties
become very large.
Compton subtraction method
This method, also published in Ref. [Gutt 96], subtracts the Compton-background
and the single and double escape with respect to the number of counts in the full
energy peak. Starting from the highest lines the response function is adjusted to the
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Figure 3.13  Comparison of the dierent unfolding methods for 124Xe. The black
spectrum is the original spectrum rebinned to 10 keV. The values of
the SVD unfolding are performed on a 100-keV binning but for com-
parison scaled down by a factor of 10. The orange lines give the un-
certainties for the iteration method while the light green bars indicate
the uncertainty for the subtraction method.
counts in the spectrum and then removed. This starts at the 10-keV bin at 12MeV,
then going to 11.99MeV, 11.98MeV and so on. It is also called spectrum-strip
method. The measured spectrum h∗(Ej) is unfolded by the following calculation
step:
h(Ei) = h
∗(Ei)−
j>i∑
j=12MeV
R(Ej, Ei) · rj (3.11)
In this equation rj is a normalization factor which adjust the number of counts in the
full energy peak of the measured spectrum and to the simulated one of the response
function:
rj =
h(Ej)
R(Ej, Ej)
(3.12)
If the response spectrum in normalized as done and shown in Fig. 3.11 this factor
reduces to the number of the counts in partly corrected spectrum rj = h(Ej). For
the highest energy simulated it is assumed that h∗(12MeV) = h(12MeV) which
means that the number of counts at this energy is not inuenced by any Compton
background of higher lines. This method has the easiest way of propagating the
uncertainties in the unfolding. Doing the correction in 10-keV steps allows reasonable
correction without large uncertainties, as shown in Fig. 3.14.
3.5.2 BGO veto - yes or no ?
Two dierent raw spectra can be used as an input for the response correction. One,
in which the BGO veto is applied, one without any BGO information in which
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Figure 3.14  Relative uncertainties of the counts, as used in Eq. (2.25) for the dier-
ent methods. As in Fig. 3.13 the SVD method is performed in 100-keV
steps. For the dierent methods only the systematical error is shown.
all events hitting the germanium detector are registered. After correction of the
detector response the deduced spectra should be the same. If the BGO veto and
its inuence on the response function is correctly implemented in the simulation
no dierence are expected. The following tests are performed with the subtraction
method introduced in the previous section. The calculations and tests were done
on a measurement of 181Ta which was performed at ELBE between the two xenon
beam times in 2011 [Maki 14]. This experiment was chosen because the additional
correction of the steel container in the xenon measurements might have an inuence
on the results. This correction was not necessary in the case of tantalum. The
target used within the identical detector geometry was pure tantalum powder. The
beam energy was slightly lower (pe · c = 10.5 MeV), because the neutron separation
energy Sn in tantalum is 7.6MeV. One problem, which occurs while working in the
simulation framework with the BGO-veto is that the veto is applied more often
than in reality. The veto has a threshold which depends on a minimum amount of
energy which had to be deposited in the BGO-crystal. Otherwise the signals are
not recognized in the coincidence circuit. This threshold is introduced in order to
suppress noise. This threshold is implemented in the simulations at a deposited
energy of 40 keV. This can be tested by comparing the results of simulation of the
response function of single transitions at well known transitions. This is possible for
sources like 60Co or in nuclei with low level density like 12C. Example spectra can
be found in Refs. [Mass 11, Mass 12]. The very high level density of 181Ta allowed
an additional test. Almost the complete strength in this nucleus can be found in
the quasi-continuum of unresolved states. The very prominent peaks of 11B are used
also in this measurement as a standard for the determination of the photon ux, cf.
Sec. 3.7. Its transitions are well visible in the spectrum as well as their single peaks.
This is the case in both spectra, the one with and the one without BGO-veto. A
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comparison of the single-escape to full-energy peak ratio allows now an independent
test if the results of the GEANT4 simulation are reasonable.
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Figure 3.15  Ratio of intensities in the single-escape peak and the full-energy peak
for the detector pair under 127◦ in the 181Ta measurement. The se-
lected peaks are the ones from the 11B isotope which is used as stan-
dard for the ux determination.
Figure 3.15 shows that the single escape peaks are suppressed in the spectrum with
BGO-veto. This trend is reproduced correctly by the GEANT4 simulations. Not
only the number of counts in single-escape peaks are lowered. The large amount
of intensity in the Compton-Continuum is suppressed in the whole spectrum, cf.
Fig. 3.9. The spectra before the response simulation are quite dierent, as one can
see in Fig. 3.16. The corrected spectra are quite close together, a ratio of dierences
is plot in Fig. 3.17. At higher energies a divergence between the two spectra is vis-
ible. The eect, that the BGO veto is very prominent at these energies and cleans
the spectrum for background events like high-energetic cosmic events, is a possible
explanation for this. In order to correct this eect in the spectrum without BGO-
veto one would need simulations and corrections for γ-rays above 12MeV and with
source outside the target position. As one can see in the gure the spectra start to
converge below the threshold. This can be explained by the increasing amount of
counts in the histograms which have their origin at the target. Also the uncertainties
decrease. The average dierence of -0.02±0.06 is almost perfectly on the zero value,
which means after the correction almost no dierence between the two spectra is
recognizable.
As a result of this discussion, one can state that an active BGO veto complicates
the analysis of the response corrected spectrum, because one has to implement the
eects possibly caused by thresholds occurring in the analog data acquisition in the
simulation. On the other hand the veto reduces the inuence of high-energetic cos-
mic background. This eect is canceled out when the counting statistics increase
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Figure 3.16  Response correction with dierent input spectra for a 181Ta measure-
ment performed at the same setup at ELBE.
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Figure 3.17  Dierence between the two corrected spectra of Fig. 3.16. The aver-
ages are given for values above the threshold and below as well as a
total average dierence.
due to the count rate coming from events from the target. Therefore, the BGO-veto
is good for spectroscopic analysis as discussed in Sec. 3.4. The simulation only got
more complicated and due to the higher counts per bin the statistical uncertainties
are lowered without BGO-veto. A reason why one should analyze a spectrum with
veto is the analysis of a spectrum with higher resolution. In the next section the
dierence between dierent response unfolding results performed with dierent res-
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olution will be discussed.
3.5.3 1-keV vs 10-keV binning
The measured spectra are taken with a 14bit-ADC. The amplication is chosen to
fulll the relation 1 keV ≈ 1 channel. The spectrum is re-binned so that the standard
resolution is 1 keV = 1 channel. The question might rise if this resolution can be
preserved until the nal calculation of the photo-absorption cross section. It will be
discussed if it is possible to get a nal cross section with 1-keV resolution.
It has to be emphasized that the analysis for all xenon isotopes was done in 10-keV
steps. When the inuence of the inelastic nuclear scattered events is investigated
the resolution is increased to 100 keV, as it will be discussed in Sec. 3.9. The results
presented in this subsection are derived using the Compton-subtraction method and
BGO-suppressed spectra.
The response matrix was derived by simulating the detector response for photons
with a certain energy starting at the target position. The energy was increased in
10-keV steps. The complete simulation of the response matrix took at the hypnos-
Cluster of the HZDR 6 about 14 days. In order to save time and to get 1-keV
binned values, the 10-keV matrix was used to interpolate between the simulated
data points. An algorithm is introduced which is smoothing the response matrix
R(Ei, Ej). The full-energy, single-escape, double-escape and 511-keV peaks of each
excitation energy are removed from the matrix and stored. A smoothed matrix (still
in 10-keV binning) is produced by the following calculation:
R′(Ei, Ej) =
1
(2 · 10 + 1)2
k=i+10∑
k=i−10
l=j+10∑
l=j−10
R(Ek, El) (3.13)
The 1-keV matrix R∗(Ei, Ej) is now calculated with this smoothed function. For
the linear interpolation the following values are used Ea < Ei < Ea + 10 keV and
Eb < Ei < Eb + 10 keV with Ea mod 10 = 0 and Eb mod 10 = 0
R∗(Ei, Ej) = R
′(Ea, Eb) +
R′(Ea + 10, Eb + 10)−R′(Ea − 10, Eb − 10)
20
· (Ei − Ea)
(3.14)
In this matrix the information about the neighboring supporting points are inserted.
As a test of the algorithm the divergence ∆R of the values at an energy Eimod 10 =
0 which exists in both datasets (10-keV and 1-keV) is calculated:
∆R =
R∗(Ei, Ej)−R(Ei, Ej)
R∗(Ei, Ej) +R(Ei, Ej)
(3.15)
In Fig. 3.18 one can see that it divergence between the new simulated 1-keV response
function and the old 10-keV function which is used as a basis is very small and the
two curves are nearly identical.
However, if one changes the binning after the 1-keV stepwise correction back to
10-keV in order to compare with the spectrum which was 10-keV steps one nds a
dierence in the results. As shown in Fig. 3.17 the small step analysis produces a
6http://www.hzdr.de/db/Cms?pNid=1615, 67TFlop/s
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Figure 3.18  Relative divergence between the simulated response function as de-
ned in Eq. (3.15) for the excitation energy Ei = 11MeV xed. The
black histogram represents all values of dierent Ej while the red
curve is a t of a Gaussian curve to the values.
spectrum which is about 10% higher than one corrected in 10-keV steps.
This deviation can be explained with the missing detector resolution. The collection
of charges produced after a photon hit the detector and the connected electronics
are not implemented in the GEANT4 simulation. In the simulation the resolution is
1 keV, due to the histogram which is collecting the data. The simulation generates
a perfect spectrum (resolution going to 0). When using a small binned spectrum,
the probability is enhanced, that the subtraction of a response function at a certain
energy subtracts more counts than available, especially in the single and double-
escape peaks. In the code, which is used, the counts are set in such a case to zero in
order to produce no fake events, when going downward in energy and normalizing
to such a bin with negative content. When working in 10-keV steps such events are
smoothed out and the total amount in a corrected bin can be nally higher.
In addition, the uncertainties produced in the unfolding would increase much faster
because in every 1-keV step new uncertainties are added. Also the relative uncer-
tainties are higher, because the error of for the counts in a bin in the spectrum is set
to the statistical uncertainty which goes proportional to
√
N where N is the number
of counts.
Therefore, the analysis in 10-keV steps is favored and also done for the complete
analysis shown in this work. An analysis in 1-keV steps can be useful if for example
a peak is seen 511-keV below the energy of another one. The simulations can be
used to check whether the intensity in this peak is completely due to the detector
response or another peak is hidden below.
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Figure 3.19  Comparison between the response correction in 1-keV and 10-keV
steps. The value x represents the relative dierence of the two his-
tograms and is calculated analogously to the value given in Fig. 3.17.
3.6 Eciency correction
The detection eciency for the setup at ELBE is taken from the same GEANT4 sim-
ulation which was used to determine the detector response. By counting the events
in the full-energy peaks relative to the number of all started events the eciency
can be calculated. This can be done for point-like source as it is the case in the
calibration measurement with radioactive sources. Fig. 3.20 shows the eciency for
124,132,134Xe calculated for the calibration sources 60Co, 137Cs, 152Eu and 226Ra placed
at the target position. The same data set is available for 128Xe which was measured
rst in 2011. In 2012 the position of collimator and detector was rearranged. New
simulations and empty target measurements were performed, see AppendixA.3. Ra-
dioactive source are available with γ-rays energies up to ∼2.5MeV. Above this the
simulation can be tested in NRF experiments in light nuclei which respond with
only a few peaks in the spectrum, see Ref. [Ruse 07, Mass 12].
When measuring the xenon target, one has to take into account, that the steel
container and the target within are not point-like and that the target material is
surrounded by a thin steel container. The second problem can be solved quickly
by adding the steel sphere in the GEANT4 simulation which takes into account the
attenuation.
In Fig. 3.21 one can see, that dierent scattering positions might cause a dierence
in detector response and eciency. As a rst test a 60Co source was moved along
the axis perpendicular to the beam in direction of the detectors under 90◦ (dashed
line in the gure).
The measurements7 show that there is a signicant deviation from the detection
eciency in dependence on the source position. In Figs. 3.22 and 3.23 the series
7Measurements were performed by J. Häse, student assistant in spring 2012.
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Figure 3.20  Eciency curve simulated with GEANT4 in comparison with the data
points for the dierent experiment campaigns. The dashed line rep-
resents the 5% uncertainty in the simulations. The data set of 128Xe
is not shown here, because the measurement setup were rearranged
between the dierent beam times causing extra simulations.
Figure 3.21  Schematic view on scattering of photons on an extended target. The
lead collimator (yellow) and the detector (brown) are shown (not true
to scale).
of measurement along one axis are compared to simulated data points. The data
show, that photons which have their origin closer (further away) to the detector
have higher (lower) probability to be detected, which can be explained easily by the
geometry and the possibility to hit the solid angle of the detector. But also for the
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Figure 3.22  Comparison of the photon detection eciency in the NRF-setup for a
variation of the source position along the x-axis (black dashed line in
Fig. 3.21). The spectrum appearing after a 60Co decay at the central
position was used as reference in both data sets. The gray dashed
lines show the inner radius of the steel sphere.
detector pair under 127◦ a drop at side position can be observed. A small asymmetry
in the measurement can be seen which could point to a small misalignment of the
detector pair relative to the beam line.
As one can see in Fig. 3.24 the deviation between the detection eciency of γ rays
from point-like source and an extended target does not depend on the photon energy.
The average value is calculated by taking into account the response of possible
interaction points within the steel sphere. Therefore, the response was simulated
again for the energy range needed in the experiment for all starting points within a
cube of 1.5 cm and a step width of 0.3 cm on each axis. The averaged eciency of
all these points is smaller than the one at the center. The deviation is 0.93 for a 90◦
detector and 0.95 for detectors under 127◦. This small deviation can be explained
by the dierent distances to the target under which the detectors are placed. The
backward detectors are a slightly further away and not as sensitive on target position
as the other pair.
However, as one can see in the discussion, it is important to take into account
a possible extension of target material. As mentioned before for the xenon target
measurements a complete set of response functions was simulated taking into account
the dimension of the target.
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Figure 3.23  Same as Fig. 3.22 but for the axis which is perpendicular to the plane
spanned by the axis shown before and the beam axis.
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Figure 3.24  Energy dependence of the deviation o the full-energy detection be-
tween a point-source like target and the extended target with radius
1 cm.
3.7 Photon ux
This section which discusses the photon ux, can be split up into two parts. The
rst one discusses the shape of the photon distribution by photon energy. In the
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second part an absolute uence is calculated by using the cross section of a reference
isotope.
3.7.1 Shape of the photon ux
The electrons of the ELBE accelerator are accelerated to energies of pe− ·c = 12MeV
and directed through a dipole magnet into the direction of the bremsstrahlung tar-
get. This target is a 7-µm thick foil made of niobium [Schw 05]. The produced
photons cross a 10-cm aluminum cylinder. This so-called hardener reduces the
amount of low-energetic photons relative to the high-energetic photons. The orig-
inal bremsstrahlung spectrum, which can be described by an analytical formula
[Schi 51], has to be corrected by an energy dependent factor [Mass 11]. For the dis-
tribution given by Schi it is necessary to know the endpoint energy of the photon
spectrum.
This energy can be assigned in two ways:
 The rst way is to use the electron energy estimated by the operator of the
accelerator. This number is derived from the current needed to bend the beam
in the dipole magnet to the NRF beam line. This value has been calibrated
once, but it is not sure if it is still showing the right energy value. It is a use-
ful value to align the electron beam every time and to ensure identical beam
conditions for all measurements, especially, when empty target measurements
are needed. This number was set to be pe− · c = 12MeV in each experiment.
 At the facility in Dresden, there exists a small detector setup which is able
to cross check the number given by the operators, see e.g. [Schw 05, Nair 09,
Erha 09]. After the passage through the collimator, placed in the wall to the
experimental cave. The photons pass a thin polyethylene lm. In this foil
(thickness = 40µm) the hydrogen is replaced by deuterium. Photons with
energies higher than the break-up energy (EB = 2.2MeV) dissociate the deu-
terium and produce free protons and neutrons.
γ + 2H 7→ p + n (3.16)
It is assumed that the energy of the photons minus the break-up energy (EB)
splits into momenta of proton and neutron in equal parts.
Emaxγ = E
max
n + E
max
p + EB (3.17)
≈ 2 · Emaxp + 2.2MeV (3.18)
The protons can be detected by four Silicon detectors, each 500-µm thick.
They deposit their complete energy within the detector. The calibration of
the detectors has been done using a mixed 239Pu-241Am-244Cm α source. The
energy loss of protons and α particles is not exactly the same so that an
additional oset of 20 keV is introduced. for details see [Erha 09]. From the
spectrum in Fig. 3.25 maximum proton energy of about 4.70±0.1MeV can be
deduced.
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Figure 3.25  Summed proton spectrum after deuteron break-up in the 124Xe mea-
surement as seen in the silicon detectors. The increase below 2MeV
is a result of the atomic background, the scattered photons on the
deuterium.
With the maximum proton energy and Eq. (3.18) one can deduce a maximum kinetic
energy of the incoming bremsstrahlung photon of 11.6 MeV, which corresponds to
pe− · c = 12.1 ±0.2MeV. This value is slightly higher than the one given by the
operators, but consistent within the error bars.
3.7.2 Absolute height of the photon ux
With the information which determines the shape of the ux, the absolute number
of photon hitting the target can be calculated. Therefore, 200mg of 11B were put
in the beam in front of the target. The boron was pressed in a disk with 2 cm
diameter which corresponds to the diameter of the steel container. This target is
put perpendicular into the beam. Following the general equation, which denes the
cross section, one can estimate the photon ux:
IsB =
AB(Eγ, θ)
W (Eγ, θ)ϵ(Eγ, θ)Φγ(Ex)N t
(3.19)
Here IsB stands for the integrated cross section of a single transition in
11B at a
certain energy Eγ [Ajze 90, Ruse 09c]. The quantity W is the angular distribution
of the deexcitation γ rays since this has not to be isotropic. The value of ϵ stands for
the eciency of the setup for detecting a γ ray at a certain energy. N is the number
of target atoms in the beam. The counts of a discrete line A, which corresponds
to a state in 11B, are corrected for branching and feeding. The factors for these
corrections are taken from Ref. [Ruse 09c]. With the given measurement time t it
is possible to calculate the photon uence Φγ(Ex).
As one can see in Fig. 3.26 the shape of the curve proposed by Schi and corrected
for the scattering in the hardener ts nicely to the values of the transitions in
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Figure 3.26  Photon ux distribution in the 124Xe measurement. The dots repre-
sent the ux at the energies of transitions in 11B uncorrected (red)
and corrected for branching and feeding (black). For the two highest
energies these values are nearly identical. The lines show distribution
following the curve proposed in the text. One is following the formula
of Ref. [Schi 51] (red dashed), while the other takes into account
the eect of the beam hardener (black solid). For the latter one the
uncertainty bands are given.
11B. The absolute height of the curve is adjusted to all values of the reference
nucleus, except for the strong peak at 7.295MeV. From previous experiments of
our group it is known, that this value overestimates the ux, see e.g. [Schw 07,
Maki 10]. This problem can be solved partly by the eect of resonant self-absorption,
as shown in Ref. [Erha 09]. However due to the small amount of 11B in the beam
(0.2 g) this eect is negligible in our case. The existence of a transition in one of
the xenon isotopes can not be excluded, but seems not to be the reason because
this overestimate was observed in dierent nuclei. A transition caused by some
background material like lead cannot be excluded as well as an uncertain cross
section value for this transition. The peak was not used in the adjustment of the
absolute height of the photon ux.
3.8 Atomic background
One major source of background in the measured spectra from Fig. 3.6 are events
which scatter from the target atoms, but not from the nucleus. The nuclear photo-
absorption cross section is expected to be in the range of a few mb, as one can see for
example in the TALYS prediction in Fig. 2.16. The same amount has been measured
in isotopes in the same mass region, e.g 136Ba [Mass 12], 138Ba [Tonc 10] or 139Ba
[Maki 10]. The photo cross section for interactions with the electrons of the target
nuclei is a few orders of magnitudes higher. The NIST-XCOM database [NistXCOM]
gives for Xe atoms a total cross section of about 10 barn for photons with energies
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between 1 and 10MeV. For the lower energies the dominating cross section is the
one for Compton scattering whereas for higher energies the pair production cross
section dominates the response of the atom.
Photons detected in the region of interest below the neutron separation energy are
mainly produced by multiple scattering. Simulations with GEANT4 show that
high energetic photons can for example produce a high energetic electrons which
then again produces bremsstrahlung. Due to the conservation of the momentum
most of these processes are peaked in forward direction. This is the reason why
detectors are placed at backward angles under 127◦. A forward angle of 53◦ would
also give the expected minimum in the angular distribution as shown in Fig. 2.18.
The background would be much higher and produces a higher count rate, resulting
in higher dead times of the detector. Due to the multiple scattering photons can
change direction and can be registered under backward angles. Photons scattered in
a single Compton process or produced by the annihilation of positron created pair
production are also reordered in the spectrum. These have small energies and are
not important for the energy region which is analyzed in this work.
In the GEANT4 simulation the xenon gas was placed at the target position with the
same density as in the real experiment. Photons with random energies between 0.5
and 12MeV are shot onto the target. The beam comes from the collimator exit and
is assumed to be homogeneously distributed in a beam spot with diameter 38mm
on the target. This size has been determined in previous works [Ruse 07]. List mode
les are produced containing for each event, which would hit the detector surface
at the real detector position, the incoming photon energy and the energy of the
scattered photon. This simplied simulation has a few advantages:
 By shooting a at random distribution and listing the energy of the start pho-
ton the data can be folded afterwards with the real beam energy distribution.
In a simulation, starting with the distribution shown in Fig. 3.26 the amount
of low-energetic photons dominate the data set. For the estimate of back-
ground at higher energies (4MeV and more). However, it is important to have
a sucient amount of high-energetic photons impinging on the target .
 After the response correction, discussed in the previous section, the histograms
contain only events which deposit their full energy in the detector. Therefore,
it is not necessary to simulate again the full detector. It is adequate to collect
only photons which hit the detector surface.
By doing this simplication the simulation time can be reduced drastically. The
complete simulation of the atomic background takes 15000 CPU hours, which cor-
responds to a time of about two weeks at the Hypnos-Cluster of the HZDR using
40 nodes.
Fig. 3.27 shows how the atomic background dominates the amount of observed events
at lower energies. It becomes small at higher energies. The counts in the spectrum
of each isotope, corrected for detector eciency and response, which do not have
their origin from nuclear scattering, are subtracted. The spectrum after this step
contains only events which were scattered in a nuclear resonance uorescence process
and deposited their full energy in one of the two germanium detectors situated under
backward angles.
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Figure 3.27  Spectra of the dierent xenon isotopes after the correction for detec-
tor response and eciency (black lines) for the detector pair under
127◦. The atomic background calculated with GEANT4 (red lines) is
subtracted from these spectra. The nal spectra (green line) represent
the nuclear scatters events.
3.9 Inelastic scattering and branching
All the correction steps so far were performed with the aim to remove all inuences
of events which have not scattered nuclear or have not give their full information
due an incomplete energy deposition. In the last step the nuclear scattering process
itself modies the measured spectrum. As shown in Fig. 2.1 an excited state has not
to decay directly back to the ground state. As described in Sec. 2.1.1 the decay of an
excited state can be described by statistical quantities such as strength function and
level densities. Codes, using this calculation algorithm, like DICEBOX [Becv 98], or
the modied version of G. Rusev [Ruse 07] create hundreds of so called nuclear real-
izations, which are some kind of dummy nuclei. The decay within such a realization
is calculated and γ-ray spectra corresponding to the decay are recorded. The γDEX
code [Schr 11, Schr 12, Mass 13] changed the calculation method by assuming that
nuclear states at certain excitation energy within a chosen energy bin behave the
same way. At least this comes very close to the original idea of strength functions.
Of course uctuations exist like Porter-Thomas-uctuations [Port 56] which predict
a special distribution of the transition widths. The average values of such distribu-
tions are used for the calculation in γDEX and used to determine the decay scheme.
Their variation is used to calculate the uncertainties. The rst γDEX version has
been updated within this work and the changes as well as the general calculation
method is described in AppendixA.2.
As shown in Ref. [Schr 12] the algorithm in γDEX is able to calculate decay schemes
and gives the same results as for example DICEBOX. In Fig. 3.28 two typical de-
excitation spectra for Jπ = 1−-states at dierent excitation energies can be seen.
Beside the elastic transitions (Eγ = Ex) one can see the inelastic scattered events
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(Eγ < Ex). For lower excitation energies the average amount of inelastic photons is
not as high as for higher excitation energies. The uncertainties are derived by a vari-
ation of the input parameters, like nuclear temperature within their uncertainties
given in Ref. [Egid 09]. As one can see the uncertainty increases for lower excitation
energies due to decreasing level densities and the followed decrease in validity of the
statistical model.
Fig. 3.29 shows the individual dierences in the dierent isotopes for a decay at
8MeV excitation energy. An increased level density increases the possibility of inelas-
tic decays. The nucleus 124Xe has the highest number of levels and also the highest
intensity for inelastic photons. As shown in the gure, the amount of photons be-
low 4MeV, which is produced in inelastic scattering, decreases towards 134Xe. The
heaviest nucleus is close to the neutron shell N = 82 and has the lowest level density
for all nuclei measured in this campaign. This is supported by the experimental
observation that the γ-ray distribution after the correction for atomic background is
almost at for 134Xe, cf. Fig. 3.27. For 124Xe more inelastic scattered photons have
been registered.
For better visualization no discrete states are taken into account in the simulation
for the two gures.
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Figure 3.28  Decay spectra for states in 124Xe for dierent excitation energies. The
calculation is shown for the TLO input as input strength function.
In the last analysis step inelastic transitions observed in the spectrum should be
removed and the remaining counts in spectra are used in combination with the
ground-state branching ratio to calculate the photo-absorption cross section follow-
ing Eq. (2.25). As explained in Sec. 2.1.1 the description of the decay can be done
only with a strength function used as input. At the same time the strength function
is the goal of our investigations and can be transformed for the photo-absorption
cross section σγ using Eq. (2.6). This problem solved by using in a rst iteration
step the E1 strength function of the TLO model. The deduced output is used to
calculate a new E1 strength function while the other strength functions are kept
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Figure 3.29  Simulated photon spectrum for the decay of a 1−-states at 8MeV
excitation energy for the four measured xenon isotopes. The intensity
is normalized to one for ground state transitions.
constant. These iteration steps are done as long as the input strength corresponds
to the one which comes out. Therefore, it is tested for all points above a breakup
energy if the strength function is consistent within the error bars. As breaking point
the rst data point with uncertainties above 100% is used.
In Fig. 3.30 the iteration steps in the calculation of the cross section in the measure-
ment on 124Xe, the stopping energy for the iteration process is in this case at 6.8MeV.
The label on x-axis changed from observed gamma-ray energy Eγ into excitation
energy Ex, because this analysis step changes this value and the observed energy
corresponds really to the excitation energy. While working with strength functions,
this quantity is the same according to the Brink-Axel hypothesis [Brin 55, Axel 62].
The number of iteration steps is dependent on the nucleus, its separation energy and
the maximum excitation energy. For nuclei with high level densities the statistical
assumption are valid for a broader range of excitation energies below the neutron
separation energy. The uncertainties are lower because the high number of states in
a 100-keV bin, which is used in the analysis as a standard, justies the statistical
assumption and ensures low uctuations around the mean value. As one can see in
Fig. 3.30 the uncertainties are increasing while going downward in energy, because
uncertainties from higher bins add up. This is the same eect as discussed before in
the response correction. Nuclei with higher separation energy usually have higher
level densities in their highest excitation energy, see also Fig. 2.8. The iteration
process was performed until an agreement for all data points with uncertainties
smaller than 50% are reached. For the nucleus 124Xe these are all points above
7MeV. The number of necessary iteration steps varies from 8(124Xe) over 5(128Xe
and 132Xe) to 6(134Xe).
A discussion, as given for the unfolding of the detector response, if a correction
with smaller analysis bins is useful can be done analogously. Besides the fact that
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Figure 3.30  Iterative calculation of the photo-absorption cross section in 124Xe
with γDEX. The upper panel shows the calculated cross section be-
fore the correction (red line), the TLO prediction (black dashed line)
used in the rst iteration and the results of the iteration steps (other
colors). The lower panel shows the input of the 8th and last iteration
(orange line) and the nal cross section including the uncertainties of
the iteration process, which have not been plotted for better visibility
for the other lines.
uncertainties increase much faster in a 10-keV analysis a physical reason precludes
a ner binning. The strength function as well as the level density is as discussed
before a statistical construction. Both quantities predict values well as long as the
number of states is high in the energy region of interest. By decreasing the number
of states (and excitation energy) the nuclear realization contains only a few discrete
states, which are no longer describable by a statistical model. In order to analyze
our data as low in energy as possible it is not feasible to work with a smaller binning.
3.10 Discussion of uncertainties
This section gives an overview about the order of magnitude of the uncertainties
which characterize the nal values deduced in this method of analysis.
 The statistical uncertainty of the original measured spectrum is very small.
By using 10-keV bins, the number of counts in one bin is around 10000 for
excitation energies around Sn. The uncertainty is around 1% and decreasing
to almost zero at low energies.
 The subtraction of the container background causes additional background
due to the uncertainty in the normalization value as described in Sec. 3.3.
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 The unfolding of the detector response also introduces uncertainties. It is
assumed, that the response function itself is correct, but the unfolding proce-
dure in which the correlation between the analysis bins plays a role introduces
additional errors as discussed in Sec. 3.5.
 The atomic background is negligibly small at high energies, but increases to-
wards lower energies. Its absolute height depends on the photon ux.
 Finally, the correction of the inelastic scattering depends on the parameters for
level density and strength function. A systematic uncertainty estimation tak-
ing into account calculations with dierent models (e.g. Back-Shifted Fermi-
Gas model instead of Constant-Temperature model) has not been done. The
uncertainties of the model parameters are considered by performing simula-
tions with variable parameter sets. In addition, the unfolding algorithm, like
the one used for the detector response, induces that the uctuations of higher
energies play also a role for the correction of data points at lower energy. The
analysis switches at this point to a 100-keV binning as described above.
 The angular correlation W (Eγ, θ) has only a small uncertainty. This is caused
by the opening angle of the detector. For a detector under 127◦ the opening
angle is around 8.8◦. Following the angular distribution given in Sec. 2.3 the
relative uncertainty is around 5%.
 The eciency is determined by GEANT4 simulations. The uncertainty is esti-
mated to 5%. This value shows the dierence between a GEANT4 simulation
and the GEANT3 simulation with the same geometry [Mass 12].
 The total ux Φγ(Ex) is determined as discussed in Sec. 3.7 by using the
known cross section of transitions in 11B. One of the main sources of uncer-
tainty is as the eciency. In addition, one has to consider that the statistics
is limited and that the reference cross section is not precisely known. The
uncertainty in the number of nuclei is negligible.
 The number of nuclei in the beam is calculated from the well measured mass.
The uncertainty of the scale is 0.1 mg while the target masses are around 1-2
g. Also the uncertainty in enrichment given by the target supplier is less than
0.1%.
As one can see in Table 3.2 the dominating source of uncertainties are the correction
steps which contain the two unfolding procedures. The simulation of the response
function itself causes only minor inaccuracies, see e.g. Ref. [Mass 12]. As discussed
in Sec. 3.5 one can apply dierent methods to unfold the spectrum but none of
them guarantees low uncertainties towards lower energies.
In the correction for inelastic scattering the situation is complicated due to the fact
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that strength function and the level densities itself have a not negligible uncertainty
which in combination with the unfolding method gives error bars larger 100% for
small energies. One way to solve this problem would be further measurements with
lower electron energies which results in lower excitation energies. By doing so, the
lower energy region is not inuenced by feeding or the response of higher lying states.
A perfect solution at ELBE would be to perform multiple measurements with several
endpoint energies.
Quantity relative uncertainty
low energies high energies
(∼4MeV) (at Sn)
A - intensity in 10-keV bin
before any correction < 1% < 1%
after subtraction of container ∼ 6% ∼ 6%
after response correction ∼ 20% ∼ 7%
after atomic backgrounda ∼ 25% ∼ 8%
after inelastic scatteringa > 100% ∼ 15%
W (Eγ, θ) - angular correlation 5% 5%
ϵ(Eγ, θ) - eciency 5% 5%
Φγ(Ex) - photon ux in total 10% 10%
statistics in 11B peaks 1%
eciency determination 5%
reference cross section 3-8%
N - number of target nuclei <1% <1%
total >100% ∼ 20%
a in 100-keV binning
Table 3.2  Overview on uncertainties in the analysis of ELBE data as used in
Eq. (2.26).
3.11 Data analysis at HIγS
As discussed in the previous subsection the analysis of spectra determined in bremsstrahlung
experiments suer from the problem that all possible states can be excited at the
same time and low-energetic states are fed by high-lying states. By using quasi-
mono energetic photon beams as provided by the HIγS facility one can avoid some
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of the diculties. In addition, the polarized beam at the HIγS facility allows dis-
tinguishing between the M1 and E1 contribution of the dipole strength.
The incoming photon distribution is plotted in Fig. 3.31. This distribution has been
measured by a HpGe detector into the primary beam. The beam has been attenuated
with Cu-absorber plates of various thicknesses. The response of the Germanium de-
tector was also simulated with GEANT4 and the response correction was performed
analogously to the algorithm used for ELBE experiments. As one can see in the
gure it is possible to adjust the beam in such a way that each energy spectrum
overlaps with the neighboring beam setting and a complete measurement without
spaces is possible.
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Figure 3.31  Incoming photon spectrum before the correction for detector response
(dashed lines) and after the unfolding of the response (solid lines) for
dierent beam energies.
In a measured spectrum as shown in Fig. 3.32 one can see also prominent transitions
of the two xenon isotopes. In addition, peaks originating from the steel container oc-
cur. Peaks in the spectrum, which have been seen in both measurements (128Xe and
134Xe), were identied as transitions from the main steel constituents 52Cr, 54,56Fe
and 58,60Ni. By subtracting these lines from the spectrum the left-over was assumed
to represent the continuum of unresolvable states from the two xenon isotopes. This
assumption is valid as long as the interval of analysis is small and all background
peaks can be identied, which is true for the light nuclei of the material of the steel
container.
By using Eq. (2.25) one can determine the cross section with the help of the tran-
sitions seen in the steel container. For all excitation energies except 6.0MeV one
can nd an M1 or E1 transition in 56Fe, for which the excitation cross section and
branching ratio are already measured [Chap 84, Bauw 00]. It is assumed, that the
eciency does not change within the small analysis interval. If the reference line
has the same dipole nature as the cross section which should be determined the
ratio is simply one. In other words, if the reference transition is E1 and the E1
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Figure 3.32  Spectrum of the vertical and horizontal detectors for the beam energy
Eγ = 7.5MeV. Prominent isotopes of the steel container are marked.
The orange bar indicates the region of analysis for this beam energy,
while the gray shape shows the beam distribution.
cross section should be deduced no eciency correction has to be done. Otherwise
the ratio between εhorizontal to εvertical is needed to correct the measured counts in
the spectrum. This correction factor has been deduced by comparing the measured
intensities of transition in radioactive sources at the target position, which emit
γ-rays isotropically. The used sources (22Na, 54Mn 56,60Co, 133Ba, 137Cs, 152Eu and
226Ra) cover photon energies up to 3.6MeV. As one can see in Fig. 3.33 the ratio is
almost constant at low energies. The average value is 1.39(14). This number is used
for all measurements at higher energies.
The branching ratio b0 needed in Eq. (2.25) is for the ELBE experiments determined
with the γDEX code. At HIγS it is possible to determine the branching ratio
without cascade simulations and to compare the simulated branching ratio with the
experimental values. Therefore, one can as shown in Ref. [Ruse 09a, Romi 13] count
the intensities to the ground state from the excited states in relation to observable
transitions of low-lying states, cf. Fig. 3.34.
b0 =
Ag.s.
Ag.s. + A2+1 + A2
+
2
+ ...
(3.20)
Here Ax stands for the intensities to the ground state (g.s.) or to the rst excited
states (2+), corrected for detection eciency. The counts in the region of excitation
and in the low-energetic peaks are corrected for detection eciency. The counts
of all four detectors under 90◦ are added in order to compare it with the average
branching ratio calculated in the statistical simulations. In this approach one has to
assume that most of the inelastic transitions feed the lowest excited states and the
bypassing transitions are negligible. A list of the excited states used for the analysis
is given in AppendixA.6.
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Figure 3.33  Ratio of eciencies of the vertical and horizontal detectors at energies
which can be measured by radioactive source standards (black dots).
The red dashed line is the averaged value (1.39) while the green line
is the ratio of eciency when using the same dipole nature ( = 1).
For 128Xe the rst four transitions with decays directly to the ground state were ob-
served and used. In 134Xe the situation is more complicated. The data set is quite
incomplete, so we were able to use only the rst two excited 2+ states. In addition,
the energy of the rst excited state in 134Xe ts to the one in 56Fe at 847 keV. The
scattering from 56Fe on this line was estimated by comparing the second excited
state in iron in both xenon measurements and subtracting the scaled counts of the
847-keV line from the 128Xe measurement with the same energy.
Fig. 3.35 shows that γDEX is able to predict correctly the average ground-state
branching ratio correctly. The larger uncertainties in 134Xe are caused by subtrac-
tion of the iron background in the peak of the rst excited state. By taking into
account only the information from the rst two excited 2+ states the general trend
of the branching can be reproduced within the uncertainties in 134Xe. Additional
intensity I2+3,4,... would scale down the ratio in Eq. (3.20).
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2+ Eγ = 442 keV
2+ Eγ = 969 keV
2+ Eγ = 1999 keV
2+ Eγ = 2430 keVAg.s.
A2+1
Figure 3.34  Transitions in 128Xe used to estimate the branching ratio. The dashed
arrow stands for the ground state transitions, which energies vary with
the excitation energy. The low-lying states fed by inelastic transitions
decay within a known level scheme (solid arrows). The gray dashed
lines indicate existing states which do not decay to the ground state
and are not considered in the analysis.
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Figure 3.35  Experimental deduced branching ratios (red diamonds) in comparison
with the output of γDEX (black solid line) with uncertainty band
(black dashed lines).
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4 RESULTS AND DISCUSSION
4 Results and Discussion
In this part, the experimentally deduced cross sections are presented and compared
to other experimental results. In particular, the comparison of measurements in
other isotopic chains provided an insight into the inuence of nuclear deformation
and neutron excess. The numerical values of these two aspects are changing within
the chains. In addition to the experiments, the results of calculations are presented
and compared to the data.
4.1 Photo-absorption cross section at ELBE
The photo-absorption cross section is derived by performing the analysis discussed
in Chapter 3. Taking into account all states by including the quasi-continuum of
unresolved states gives the complete photo-absorption cross section.
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Figure 4.1  Photo-absorption cross-section results for the dierent isotopes mea-
sured at ELBE. The solid line is the trend of the RIPL3 prediction
for the GDR tail and the dashed line gives the trend following the
TLO-model. Figure taken from Ref. [Mass 14].
In Fig. 4.1 the results of the measurements at ELBE are compared to RIPL3 and
TLO predictions for the tails of the GDR. In order to be comparable to these sta-
tistical functions the nal cross section is given in a 200-keV binning. The analy-
sis is done in 10-keV binning (response correction) and 100-keV binning (inelastic-
scattering correction). For the calculations of the RIPL3 the parameters given in
AppendixA.7 are used while the TLO is used with the values given in Table 2.3.
The experimentally deduced cross section has the tendency to overshoot the pre-
dicted values. This phenomenon has been observed in other nuclei in this mass
region, like 136Ba [Mass 12], 138Ba [Tonc 10] or 139La [Maki 10]. The general trend
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4.2 QRPA calculations
of the uncertainties ,cf. Fig. 4.2, is increasing towards lower energies. As discussed
in Sec. 3.10 they rise up to 100% of the cross section value at low energies, whereas
at higher energies close to Sn a relative uncertainty of about 20% can be reached in
minimum. This extra strength is often assumed to be the so-called pygmy strength
or pygmy resonance.
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Figure 4.2  Relative uncertainties of the cross section vs. excitation energy for the
dierent experiments at ELBE.
As one can see in Fig. 4.1 the experimental deduced cross section has the tendency
to be higher than the curves which present the dierent models. One reason for
the underestimation by the global models might by their very general description
of the dipole strength. With the goal to describe as many nuclei as possible, their
parameter set has to be seen as a global t for many nuclei. Especially the RIPL3
compilation gives for nuclei where the GDR is measured a local t, which tends to
describe the low-energetic tail better than the very general model of Goriely (see
README le at [RIPL3]). The more important reason might be that the strength
at low energies is more than simply the smooth extension of the GDR. With the term
pygmy resonance a lot of dierent eects are connected, see also 2.1.3. This brings
the question up if the strength seen in experiment is dependent on the deformation
like it is the case in the GDR. The resulting cross section values are transformed
into B(E1) strength and will be discussed in Sec. 4.3 and 4.4.
4.2 QRPA calculations
The experimental results can be compared to theoretical nuclear calculations. One
possibility to determine the dipole strength is the Quasiparticle-Random Phase Ap-
proximation (QRPA). This theory bases on a nuclear mean eld potential which
has a Wood-Saxon shape in the present calculations. The interaction between the
nucleons in this eld has an isovector dipole-dipole character [Zhan 09, Bent 11].
The advantage of the calculations presented here is the possibility to work with
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quadrupole and triaxial deformations. For the calculations the same deformation
parameter are used as for the description for the dipole strength by the TLO model.
A suppression of the spurious center-of-mass motion was implemented [Dona 05] for
the description of the low-energetic part of the dipole strength.
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Figure 4.3  The left gure shows the complete GDR described with the TLO model
(black line) with the results of the QRPA calculation (red line). The
right panel shows the same calculation in comparison to the experi-
mental cross sections.
Figure 4.3 shows that the calculations8 are able to describe the structure of the
GDR. Especially the eect that a large nuclear deformation (124Xe) broadens the
distribution while a spherical nucleus tends to cluster the strength in a small energy
range. For energies below the neutron separation energy a good agreement between
theory and experiment is achieved. For the other nuclei strength is missing at
energies below 7MeV.
This eect has been already seen in previous works [Maki 10, Mass 12]. The dipole-
dipole interaction which is used as excitation mechanism is not sucient to describe
more complex excitations, which fragment the strength towards lower energies.
4.3 The eect of neutron excess
As mentioned before, the strength in this energy region seems to be inuenced by
a vibration of a thin neutron skin against a core in which the proton of the nucleus
and the same amount of neutrons are located. The number of neutrons which are
8calculations by F. Dönau
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available for such a neutron skin can be expressed by:
Nskin = A− Z −Ncore = A− 2Z (4.1)
The nucleus consists in total of A nucleons from which the number of protons Z is
subtracted as well as the number of neutron in the core Ncore. With the assumption
that it is a N = Z core, the amount of free neutrons Nfree can be written as in
Eq. (4.1). The sum of neutrons and protons is equal to the number of all nucleons
A = N + Z and Eq. (4.1) changes into:
Nskin = (N + Z)− 2Z = N − Z = Z
(
N
Z
− 1
)
(4.2)
If one assumes that the strength in the pygmy region is related to such an eect,
it is useful to sum the experimental results and plot it over the second term given
in Eq. (4.2). In fact, when regarding the results of the measurement in one isotope
chain, where Z is constant, one can study whether the ratio of neutron to protons
inuences the B(E1) strength:
B(E1) ∼ Nskin ∼
N
Z
(4.3)
The B(E1) value can be calculated from the cross section with the relation given in
Ref. [Bohr 75b]:
4.03ExB(E1) ↑ =
∫
σ(Ex)dE ≈
∑
σγ(Ex)∆Ex. (4.4)
This formula connects the summed strength B(E1) in e2fm2 in a chosen energy
bin (∆Ex = 0.2MeV) at a certain excitation energy Ex (in MeV)with the photo-
absorption cross section σγ (in mb). The B(E1) values are summed in an energy
interval between 6 and 8MeV:
 The upper limit at 8MeV is chosen by physical reasons. The photo-absorption
cross section measured by NRF experiments can be deduced only up to the
neutron separation energy. In order to compare all measured isotopes without
any additional experimental information (e.g. additional (γ,n) cross section)
a limit is given by the lowest neutron separation threshold in the measured
isotope chain. For this work this limit is at 8.552MeV (Sn of 134Xe. In order
to be comparable with the data of Savran et al [Savr 08] who investigated
the dipole strength of other nuclei in the A ≈130 region the border has been
lowered to 8MeV.
 The lower limit is determined by experimental limitations. The uncertainties
are increasing and as one can see in Fig. 4.2 the value for the relative un-
certainty of the cross section can be already around 50%. Beside this, the
inuence of the pygmy resonance is estimated to start above this threshold
[Tson 04]. As shown in Ref. [Savr 08] most of the strength is expected above
6MeV. Therefore, it is reasonable to limit the sum of dipole strength to this
value.
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Figure 4.4  The summed excitation strength for ELBE experiments on the xenon
isotope chain (black squares) and the molybdenum isotope chain (red
triangles, [Ruse 09b]) as a function of the neutron-to-proton ratio. The
results for the measurement in 136Ba (black asterisk,[Mass 11]) is shown
for comparison as well as the results for the QRPA calculations (solid
line) and the TLO prediction (dashed lines) for each isotope chain,
respectively. Also the results for other nuclei in the A ≈130 region are
shown (green circles, [Savr 08]). Fig taken from Ref. [Mass 14].
In Figure 4.4 one can see the summed strength for dierent measurement series.
With increasing neutron-to-proton ratio an increase of strength can be observed.
The data show a growing B(E1) value starting isotope 124Xe up to the neutron richer
nucleus 134Xe. The same trend can be found also in the calculations of QRPA. These
results include the information of all stable even-even isotopes existing in xenon.
The general amount of strength is lower than in the experimental values, which was
already seen also in Fig. 4.3. The same results can be found in the values determined
for the Mo-chain [Ruse 07, Ruse 09b]. The experimental trend is an increasing one
which coincides with theory. The TLO prediction, containing also information for
all stable even-even isotopes, is for both chains too low. However a small rise with
N/Z can also be found there.
In addition, the trend of the isotopes of the N = 82 chain is the same. The method
of analysis is dierent, because only resolved peaks occurring in the spectrum were
analyzed [Savr 08]. As shown in Fig. 3.4 a signicant amount of states is missing
when ignoring the continuum. However, the general trend of increasing strength
with higher N/Z can also found in the values of Savran et al. This can be explained
with the fact that they always miss the same amount of strength (60-70%) but still
reproduce the general behavior. In the measurement of 136Ba the amount of strength
hidden in the continuum was estimated to be in the order of 60-70%. The data point
calculated from the data given in [Mass 12] takes into account the continuum and
t in the order of magnitude the values of the xenon isotopes.
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With the help of the magnetic dipole results determined at HIγS the summed M1
strength can be estimated. For 128Xe the summed strength was found to be 0.14(3)
e2fm2 and for 134Xe 0.07(2) e2fm2 and gives only a small contribution ( 10%) to the
total dipole strength.
4.4 The eect of nuclear deformation
In the introduction of nuclear deformation (see Sec.2.1.5), it is shown that the de-
formation parameters change the shape of strength distribution in the GDR. In this
part the focus is set on the quadrupole deformation β2. Therefore, the same summed
B(E1) values presented in the previous section are used.
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Figure 4.5  Summed-up dipole strength between 6 and 8MeV vs. the quadrupole
deformation. The same symbols as in Fig. 4.4 are used.
As one can see in Fig. 4.5, the results of the xenon isotope show a dierent behavior
than the molybdenum chain. The latter one tends to grow with increasing defor-
mation while in the xenon case the strength decreases with deformation. The trend
of the deformation combines constructively with the trend of the neutron excess in
the Mo chain. For the xenon isotopes where the most deformed nucleus 124Xe has
the smallest neutron excess the trend is a decreasing one with increasing deforma-
tion. QRPA and TLO show the same tendency as the experimental results for each
chain, respectively. For the data set (isotopes with N=82) given in Ref. [Savr 08] a
discussion about a dependency on deformation is not useful, because as on can see
in Fig. 4.5 all the nuclei measured are almost spherical.
4.5 Neutron excess versus nuclear deformation
The results presented in Figs. 4.4 and 4.5 can be seen as an evidence that the strength
below the separation energy is mainly dominated by the neutron excess and that
the nuclear deformation only plays a minor role. In order to test this statement it is
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assumed that the summed strength is proportional to the neutron excess, as given
in Eq. (4.2) and (4.3). The problem of dierent absolute amount of strengths for
dierent mass region can be solved by the additional assumption that low-energetic
strength is somehow related to the complete strength of the GDR.∑
6−8MeV
B(E1) ∼ NZ
A
(
N
Z
− 1
)
(4.5)
In this equation the dependence on neutron excess is taken from Eq. (4.2) and for
the complete strength the relation between the nucleon numbers A, Z and N and
strength as proposed in the TRK sum rule. By converting this equation into:
r =
∑
B(E1)
[(
N
Z
− 1
)
NZ
A
]−1
. (4.6)
and plotting the constant of proportionality over the deformation, as done in Fig. 4.6,
one can see that the neutron excess attens out the deformation dependence.
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Figure 4.6  Data of Fig. 4.5 for the isotopes in the xenon and barium (squares,
asterisk) and molybdenum (triangles). The dashed line gives an average
value, which is assumed to be not dependent on the deformation.
The average value r can be determined to 0.080(5). The gure shows also that
the low-energy electric dipole strength seems to be not dependent on the nuclear
deformation. Equation 4.6 can be written as:∑
6−8MeV
B(E1) ≈ 0.08NZ
A
(
N
Z
− 1
)
(4.7)
In Fig. 4.7 the values are calculated for the data points previous shown in Fig. 4.4.
The values for the N = 82 are shifted down, because as explained before not the
full strength was determined in the experiments. The general trend can be well
described by Eq. (4.6). The data point of 128Xe is enhanced again over the general
trend, a fact that already was seen in the comparison with the QRPA calculations.
73
4.6 Magnetic dipole contribution to σγ
1.1 1.2 1.3 1.4 1.5 1.6
 N/Z
0
0.5
1
1.5
Σ 
B
(E
1)
   
 (
 e
2 f
m
2  
) 
Ex = 6 to 8 MeV
124
Xe
134
Xe
100
Mo
92
Mo
144
Sm
136
Xe
142
Nd
140
Ce
138
Ba
136
Ba
Figure 4.7  Same as Fig. 4.4 without the predictions of QRPA and TLO. The
dashed lines give the results of Eq. (4.6). The results for the isotope
chain N =82 are moved down to t the values of the chain.
4.6 Magnetic dipole contribution to σγ
With the data analysis described in Sec. 3.11 it is possible to calculate the photo-
absorption cross section by using the 56Fe transitions as a ux monitor. With the
advantage of the polarized beam it is possible to analyze the electric and magnetic
dipole strength separately. With the method to estimate the branching ratios from
the feeding of low-lying transitions and to take only elastic transitions into account
it is possible to perform a model-independent analysis.
Figure 4.8 shows the comparison of the deduced cross section with the results at
ELBE and other model predictions, see also Sec. 2.1.2. The data is given in 300-
keV bins which correspond to the used energy steps during the experiment at HIγS.
As one can see the error bars are increasing at higher energies. This is caused by
the uncertainty of the 56Fe transitions. One the one hand side their cross section
is not as accurate as it is the case at lower energies. One the other hand side,
more transitions occur in one analysis bin, which causes an additional error in the
subtraction of intensity. Above 8.7MeV no cross section is shown in 128Xe, because it
was not possible to distinguish between background transitions and xenon transitions
when no reference measurement in 134Xe was available. Therefore, for beam energies
above 8.7MeV no cross section was deduced.
In the E1 case the nal photo-absorption cross section from ELBE is calculated by
subtracting the M1 Gaussian prediction, because it is not possible to distinguish
between M1 and E1 at ELBE. As one can see the cross section ts well close to the
neutron separation energy whereas there is a gap towards lower energies. This gap
can be caused by the insucient M1 model.
As the lower part of Fig. 4.8 shows, none of the existing models can describe the
M1 in a sucient way. The RIPL3 parametrization [Capo 09], uses a Lorentzian
function build relative to the E1 strength at 7MeV. The ratio between the two
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Figure 4.8  Experimental results for the photo-absorption cross section from HIγS
(red points) with ELBE data (black diamonds, rebinned to 300-keV
resolution. For comparison the E1 cross section predicted by TLO
(green line) and RIPL3 (blue line) are shown in the upper subgure,
while in the lower subgure the M1 cross section is calculated with
the triple-gaussian model (green line) and with the RIPL3 standard
procedure.
strength functions is given by:
fE1(7MeV)
fM1(7MeV)
=
σγ,E1(7MeV)
σγ,M1(7MeV)
= 0.0588A0.878 (4.8)
Here, the transformation from strength function into cross section was used as given
in Eq. (2.6). The reference strength at 7MeV is the RIPL3 E1 strength. The pre-
dicted ratio in Eq. (4.8) is 4.1 for 128Xe while the experimental value is 4.9 (18), in
comparison to 4.3 and 10.7(56), respectively, for 134Xe. The centroid of the strength
seems to be predicted well by both models for the spin-ip mode but no parametriza-
tion describes shape and magnitude of the cross section satisfactorily.
As a result of the results from the two experimental facilities, it can be said, that the
method of analysis at ELBE works well at high energies, when almost no correction
for response and atomic background is important. Also the intensity of the inelastic
scattered events is low. The most important correction, the branching ratio to
the ground state, is predicted well and leads to a good agreement of the result of
both measurements. This fact is also supported by the previous measurements,
where a smooth change over from the (γ,γ) to (γ,n) cross section was found. This
75
4.6 Magnetic dipole contribution to σγ
data is not available for the xenon case, but it has been shown for the neighboring
nuclei 136,138Ba [Mass 12, Tonc 10], that a smooth connection with the same analysis
procedure is possible.
At lower excitation energies the inuence of the analysis procedure becomes more
important. As shown, the higher energetic photons can produce events at lower
energies when not depositing the full energy in the detector. The photons produced
in inelastic nuclear scattering are also situated at lower energies. Finally, the inu-
ence of the atomic background increases. The relative uncertainties are increased at
lower energies as shown in Fig. 4.2.
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5 Outlook
The data presented in this work allowed a closer look on the understanding of the
nuclear matter. However additional aspects, which might inuence the results, as
well as a possible impact of these results will be shown in this section. This outlook
might be seen as a motivation for further experiments and investigations.
The general trend of a dominating neutron excess and minor inuence of the nuclear
deformation, which has been found in Sec. 4.5 is seen in medium mass nuclei, for
which experimental data are available. By extending the mass range and using the
experimental photon scattering cross section information available in the EXFOR
database [EXFOR], Eq. (4.7) can be tested for its validity in light and heavy mass
nuclei. For several nuclei9 photo-absorption cross section exist including the full
information of all all states. These values can be transformed into B(E1) values
and compared to the predicted ones.
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Figure 5.1  Summed B(E1) strength in experiment (red circles,[EXFOR]) and in
the model proposed in this work (black circles Eq. (4.7)). The lower
subgure shows the ratio of these two values.
Figure 5.1 shows that the prediction of the strength is correct for a wide range of
nuclei. For light nuclei a large divergence between the global formula and the mea-
sured data can be found. This can be explained by the fact that the light nuclei
rather tend to behave like a combination of single particles. With increasing mass
97Li, 9Be, 13C, 17O, 27Al, 63Cu, 78Se, 88Sr, 89Y, 90Zr, 92,94,96,98,100Mo, 136Ba, 139La, 196Pt,
208Pb, 209Bi, 235,236U
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the behavior of the nucleus as a large cluster of nucleons becomes more and more val-
idated. The single nucleon acts in a nuclear potential, which is a super combination
of the single particle elds and can be combined to one potential well, as it is used
in the shell model, for example. This means heavier nuclei are better describable
by the model. A fact, which is supported by the increasing level density and the
better applicability of statistical assumptions. As one can see in Fig. 5.1 the formula
fails for some special nuclei. The nucleus 208Pb as well as the neighboring 209Bi
which are situated around double magic and magic neutron and proton numbers,
respectively. The magic nature can be seen in a reduced level density. Therefore,
the strength distributes only on a few states in analogy to light nuclei. On these
states the statistical idea of strength is not very well applicable.
Equation (4.7) fails for nuclei, in which the neutron number N is equal to the pro-
ton number Z. This status can be found only in nuclei, where as discussed before
the general idea of a strength function is applicable. The predicted B(E1) strength
would be in such a case zero. In fact, for the heaviest stable N = Z nucleus found so
far, 40Ca, only one excited states exists which can be reached via an electric dipole
transition, but this can be explained as a coupled 3− ⊗ 2+ surface vibration of
octupole nature (3−) with quadrupole vibration (2+) [Zilg 00]. All heaver isotopes
have a neutron excess.
Especially the heavy nuclei in the uranium region can be described correctly. This is
of special importance, because it is assumed that in the actinide region the nuclear
triaxiality is a very salient feature. No deformation is needed to calculate the B(E1)
the nding is supported that deformation is only of minor inuence for the low-lying
strength.
These ndings are highly motivated as discussed in the introduction by nuclear as-
trophysics, transmutation and safety research. In environments with high neutron
ux the γ-rays after neutron capture reaction have a broad spectrum. If an ex-
cited state does not decay via γ-rays with large energies a cascade of low-energy
photons is expected. The multiplicity of photons and their energy distribution for
such an event is of importance for nuclear safety aspects. Exact knowledge about
these quantities can help since it inuences the energy transport inside the systems.
But also the direct photo-absorption process is inuenced by extra strength at the
discussed energy region. Higher energetic photons might indicate new reactions in
surrounding nuclei, like (γ,n), (γ,p) or (γ,α) which is of importance for our un-
derstanding of the production of the nuclide as found today. In environment with
high photon uxes dissociation on exited states is possible. This process can not
be observed in laboratory so far. The live times of excited states in a nucleus are
usually to short to have a second absorption. However, in combination with the
Axel-brink-hypothesis, the strength below the neutron separation threshold can be
used to describe the excitation probability on an excited state. If the sum of the
two absorbed γ-ray is higher than the threshold knock-out reaction are possible.
As an outlook from the physics point of view it can be stated that more experimen-
tal data is needed. Exotic nuclei, very neutron rich and/or far away from the valley
of stability, and their properties will be investigated at new facilities like R3B10.
This work has shown that even the knowledge for stable nuclei is not complete.
10http://www.gsi.de/r3b
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Not only at the future ELI facility11, where dipole strength is one of the major
aspects experiments are planned that aim at a more detailed understanding of the
properties of dipole strength. A connection to the strength functions derived at
the Oslo Cyclotron laboratory has to be done, since dierent excitation mechanism
(α- or 3He-induced reactions) might also result in dierent behavior of the strength
functions. As shown in Chapter 2 a lot of knowledge is missing about the detailed
distribution of magnetic strength and about the distribution of spin and parity at
dierent excitation energies.
The experiment at Dresden, using a broad bremsstrahlung spectrum, allowed in com-
bination with simulations a determination a much larger energy range than it can be
done in the same time at facilities working with monochromatic beams. However,
by possible upgrade of the facility the investigative strength can be extended. Addi-
tional detectors can be used for coincidence measurements and support the results
as it is done in this work with the results determined at the HIγS facility. During
the last years a new scintillation detector has been introduced. Lanthan-Bromide
detectors have larger detection eciency than a germanium detector while the en-
ergy resolution is in the range of three to four percent. As discussed in the section
about inelastic scattering a large number of states needed in every consideration in
order to act as cluster of states which can be described by statistical assumptions.
The importance of the single state vanishes and as shown in the analysis here, the
continuum of unresolved states hides the complete strength. A combination of both
detector types is favorable. With the germanium detector single transitions can be
picked out of the spectrum, especially at low energies, for coincidence conditions.
The LaBr3 detectors provides due its larger eciency the statistics needed for anal-
ysis. Beside this, single transitions have to be resolved sometimes separately, e.g.
for the determination of the photon ux. First setups have been built at the HIγS
facility which use this detector combination [Lohe 13].
The large steps of the last decade in computer power and detector development have
reopened the window for nuclear resonance uorescence experiments which are one
of the most important tools to increase our understanding of nuclear matter at this
transition point of single states and collective motion.
11http://www.eli-np.ro/
79
80
A APPENDIX
A Appendix
A.1 Connection of B(E2) and deformation β2
In Ref.[Rama 01] a detailed table of transition strengths of the rst 2+ state in
even-even nuclei is given. The values of this table are used for the global plots in
Chapter 1. By reading the reference and determining values for the deformation
of xenon isotopes a general mistake in equation 1, presented in the reference, was
found, which is repeated in the header of Table I. This equation is used, conrming
to the author, to calculate the quadrupole deformation parameter β2. However, it
is wrong. It is not possible to reproduce the values of Table I. The equation should
say:
β2 =
√
(B(E2)
17.53
0.01444π
3
Z A2/3
. (A.1)
In this equation the B(E2) value is given in e2b2. The number of 17.53 is found,
when combining equations 12 and 13 of the Ref. [Rama 01]. The other factors are
dened as in the reference.
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A.2 γDEX 2.0
For the calculation of the amount of inelastic scattered events within the measured
spectrum the γDEX code is used. Based on the original code [Schr 12] an update
was done containing the major points:
 Implementation of the eect of the enhancement of ground state transitions
in photon scattering
 Increase of the functionality and use of one code for the description of deexci-
tation cascades in (γ,γ') and (n,γ) experiments.
The general idea of the working principle is kept also in the new version of the code.
As discussed in Sec. 2.1.1 the decay of an average excited state can be described with
strength function and level density information of the decaying nucleus. The exact
decay is not predictable in such a calculation due to Porter-Thomas uctuations
(PT) [Port 56]. Therefore, decay codes like DICEBOX [Becv 98] build up thousand
of realizations of possible nuclear level schemes, which are in accordance to the level
density models, but which are uctuating within such a realization.
By using an energy bin at an energy Ei ,which has to be wide enough (large number
of states), one can describe the deexcitation from such a bin to another energy Ef
by the sum of all decay widths:∑
N
Γ ∗if ≈ N < Γif > (A.2)
Here, i and f denote energy bins of not separated states and N is the number of
states at Ei. The average width can be calculated following Eq. (2.5). The single
widths of each individual state are distributed following the idea of Porter and
Thomas Γ ∗if = y < Γif > with y:
p(y) =
e−y/2√
2πy
(A.3)
For the correct description of the deexcitation in a decay following photon scatter-
ing, it is necessary to take into account the excitation of the states. States with
large ground state width are favored to those with small widths. For this reason
they also tend to deexcite preferential directly back to the ground state.
The registered yield Y to an state f can be written as:
1state : Yi7→f = Γ0i
Γif
Γtot
(A.4)
Nstates : Yi7→f =
∑
N
Y1 state ≈ N < Y > = N⟨Γ0i
Γif
Γtot
⟩ (A.5)
≈ N ⟨Γ0iΓif⟩
⟨Γtot⟩
(A.6)
≈ N ⟨Γ0iΓif⟩∑
k
⟨Γik⟩
(A.7)
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The step in the third line can be done because the high number of possible nal
states the total transition width of each initial state Γ is assumed to be similar within
the energy bin, which is true for higher excitation energies (resulting in higher level
densities). Finally, the total transition width can be seen as the sum of all averages
to all excitation bins k with Ek < Ei (if a transition is allowed). By looking at
the individual transition widths Γ0i and Γif as two incidence of Porter-Thomas
distributed values one can write the last line as:
Yi7→f ≈ N
⟨y0iyif < Γ0i >< Γif >⟩∑
k
⟨Γik⟩
≈ N< Γ0i >< Γif >∑
k
⟨Γik⟩
⟨y0iyif⟩
≈ N< Γ0i >< Γif >∑
k
⟨Γik⟩
S
(A.8)
The last line introduces the enhancement factor S = ⟨y0iyif⟩ which is built up by a
pair of Porter-Thomas distributed values. In the case of elastic scattering in which
the nal state f is again the ground state yif changes into yi0. This value is similar
to its inverted value y0i, because the transition widths for up and down have to be
similar, Γ0i = Γi0. All other factors are averaged widths and can be replaced with
strength function and level densities as written in Eq. (2.5).
The factor S itself is not dependent on the strength function or on the nucleus, as
one can see in Fig.A.1 it depends on the number of states within a certain energy
bin. Of course the exact dependence at which energy how many states can be found
is a special feature of each nucleus itself, described by the level density models. For
elastic scattering S comes quickly to a value of 3 while for inelastic scattering the
factor is one.
In Fig.A.2 it is shown how the main values of the S factor distribution change with
the number of states N . By using two parameters a = 0.08671329 and b = 0.25 the
enhancement can be tted as a function and easily implemented in the γDEX code.
The functions used are:
⟨S⟩ = 3− 2e
−a(N−1)
N b
∆S =
2.5
(a+ b/N)
√
N⟨S⟩
(A.9)
As shown in Fig.A.2 the divergence of the S factor from Eq. (A.9) and the real
distribution is very small and only noticeable in bins with a low number of states.
For these bins mostly located at lower excitation energies, the general description
by a statistical model is questionable. For high energies the S factor quickly stays
around three and also its distribution gets smaller. Therefore, the uncertainties of
the simulation can be described correctly. Finally, it should be stated that these
uncertainties are not caused by the statistical uncertainties of the distribution pre-
sented in Fig.A.1. They are an artifact of the PT distribution itself.
With the implementation of the S-factor it is possible to use the same code for the
calculation of deexcitation gamma spectra of states excited in neutron capture and
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Figure A.1  Distribution of the enhancement factor S for dierent number of states
within an excitation bin.
photon scattering.
The algorithm of γDEX has also been updated. In the new C++-based version no
deexcitation from an excited state is performed by random numbers. As shown in
Fig.A.3, one can use for the calculation of the decay of levels at an energy excitation
energy Ex the information of all decays at lower energies. The observed photons can
be sorted into a histogram Hi(Eγ). This is dened as:
1stbin :
H1 = δ(E1)
2ndbin :
H2 =
Γ2→0
Γtot
δ(E2) +
Γ2→1
Γtot
H1
nthbin :
Hn =
Γn→0
Γtot
δ(En) +
n−1∑
i=1
Γn→i
Γtot
Hi
(A.10)
These histograms have to be corrected for the enhancement if one is interested in
the decay after a (γ, γ′) reaction. The advantage is that all possible ways through
cascades are covered, each weighted with its transition width and no large number
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Figure A.2  Main values of the distribution shown in Fig. A.1 and their variances.
The green lines are the tted curve to elastic scattered data points and
their uncertainty bands.
= = = = =
next energy bin next energy bin ...
H2 H2
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Figure A.3  Working principle of γDEX2.0
of decay simulations is needed in order to collect sucient statistics.
In addition the calculation of the highest excitation energies already includes the
calculation for lower excitation energies, an advantage, which is important for the
correction of photon-scattering experiments where the spectra are needed for all
photon energies.
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A.3 Overview on the Xenon targets and steel containers
isotope mass enrichment container mass container measurement time
g % g # h
124Xe 2.6969 99.97 9.1509 3 88.53
128Xe 0.9198 99.92 8.3253 old 97.53
132Xe 2.6519 99.92 9.0227 5 130.87
134Xe 1.5997 99.90 9.0447 2 109.25
empty (old) 8.3253  8.3253 old 42.27
empty (new) 9.4721  9.4721 4 68.83
Table A.1  Overview on the quantities of the used Xenon targets. The 128Xe target
was lled in an old container, before we produced an own series of
container in Rossendorf. The corresponding empty target measurement
was the done with a corresponding type of container. The old steel ball
was used as empty target in a previous measurement before it was lled
with gas.
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A.4 11B reference isotope
Ex J
π Eγ (90◦) W(90◦) Eγ (127◦) W(127◦) b0 Is
keV keV keV % eV b
2124.7 1/2− 2124.5 1.000 2124.2 1.000 100 52.4(30)
4444.9 5/2− 4443.9 1.000 4442.8 1.000 100 162.8(55)
5020.3 3/2− 5019.1 0.938 5017.6 1.005 85.6(6) 216.7(71)
7285.5 5/2+ 7282.9 0.931 7279.8 1.006 87.2(2) 94.9(80)
8921.0 5/2− 8917.1 0.987 8912.4 1.001 95(1) 285.5(144)
Table A.2  Overview on the quantities of the 11B (Jπ0 = 3/2
−) reference isotope.
The data is taken from Ref. [Ajze 90]. The shift in observed γ-ray
energy is calculated following the formalism given e.g. in Ref. [Mass 12].
A.5 56Fe reference isotope
EHIγS Ex J
πa Γ
2
0
Γ
Ics
MeV MeV eV eV b
6.0 6.028b 1− 0.352 111
6.3 6.251 1− 0.056 17
6.6 6.698 1− 0.044 11
6.9 6.926 1− 0.70 168
7.2 7.211 1+ 0.50 111
7.5 7.446 1− 0.17 35
7.8 7.886 1+ 0.28 52
8.1 8.128 1− 1.94 338
8.4 8.536 1− 2.04 323
8.7 8.766 1− 0.41 61
9.0d 8.989 1+ 0.31 44
9.3d 9.287 1− 0.75 100
9.6d 9.558 1− 0.39 49
a For some of the states the parity can be determined for the rst
time by this measurement.
b This state is from 58Ni [Bauw 00].
c calculated from Γ
2
0
Γ
[Chap 84]
d only 128Xe measurement
Table A.3  Overview on the peaks of the 56Fe (Jπ0 = 0) used as reference isotope
in the HIγS measurement. The data is taken from Ref. [Chap 84,
Bauw 00].
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A.6 First excited states of 124,128,132,134Xe
Ex J
π Eγ px7→x−γ
keV keV %
124Xe
354 2+ 354 100
846 2+ 846 25
492 75
878 4+ 32 100
1247 3+ 893 53
401 40
369 7
1268 0+ 914 90
422 10
1437 4+ 1083 1
591 69
559 30
1628 2+ 1628 48
1274 24
782 11
750 11
360 6
1689 0+ 1335 86
843 14
1836 5+ 958 21
562 69
399 10
Ex J
π Eγ px7→x−γ
keV keV %
128Xe
442 2+ 442 100
969 2+ 969 21
527 79
1033 4+ 591 100
1429 3+ 987 45
460 47
396 8
1582 0+ 1140 61
613 39
1603 4+ 1161 17
634 47
570 36
1877 0+ 1435 100
1996 5+ 963 32
567 60
393 8
1999 2+ 1999 1
1550 26
1023 3
959 70
Table A.4  Overview on the rst excited states in 124Xe and 128Xe as used for input
on the γDEX calculation. Data taken from [ENSDF].
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Ex J
π Eγ px7→x−γ
keV keV %
132Xe
667 2+ 667 100
1297 2+ 1297 7
630 93
1440 4+ 143 100
1803 3+ 1136 36
506 58
363 6
1963 4+ 1296 38
523 62
1985 2+ 1985 9
1318 90
688 1
2040 5− 600 100
2110 4+ 1443 12
813 46
670 39
307 1
125 2
2167 5+ 727 100
2168 2+ 2168 15
1501 85
2187 2+ 2187 17
1520 52
890 31
Ex J
π Eγ px7→x−γ
keV keV %
134Xe
847 2+ 847 100
1613 2+ 1613 51
766 49
1636 0+ 789 100
1731 4+ 884 100
1919 3+ 1072 95
188 5
Table A.5  Overview on the rst excited states in 132Xe and 134Xe as used for input
on the γDEX calculation. Data taken from [ENSDF].
A.7 Parameters of RIPL3 for 124,128,132,134Xe
The following table gives an overview on the input parameter [RIPL3] for the distri-
bution of the strength according to Eq. (2.7) using only two instead of three curves.
In the xenon case no experimental information from (γ, n) experiments is available.
In Table A.6 the η parameter describes ratio of strength in a oscillation parallel
to the axis of rotational symmetry (parameters E1 and Γ1). The second set of pa-
rameters should cover the strength due to an oscillation perpendicular to the axis
of rotational symmetry. The complete strength predicted by the TRK sum rule
[Ring 80] is determined using this ratio.
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A.8 Photo-absorption cross section of 124,128,132,134Xe
isotope TRK-strength η E1 Γ1 E1 Γ1
MeV mb MeV MeV MeV MeV
124Xe 1829 1.241 13.57 3.77 16.55 6.84
128Xe 1873 1.182 13.90 3.73 16.20 6.10
132Xe 1914 1.000 15.30 5.09 15.30 5.09
134Xe 1934 1.000 15.23 4.53 15.23 4.53
Table A.6  Overview on the quantities of the used Xenon targets
A.8 Photo-absorption cross section of 124,128,132,134Xe
Ex σ
124Xe
γ σ
128Xe
γ σ
132Xe
γ σ
134Xe
γ
MeV mb mb mb mb
5.2 0.08(9) 0.14(10) 5(4) 4.2(36)
5.4 0.10(10) 0.61(36) 6.4(38) 5.3(38)
5.6 0.10(10) 1.6(15) 7.3(36) 7.3(39)
5.8 0.8(8) 3.2(22) 8.3(34) 10.2(35)
6.0 2.5(21) 5(4) 7.7(32) 14.1(34)
6.2 4.1(28) 8(4) 8.5(29) 10.4(33)
6.4 6.9(28) 8(4) 9.1(27) 13.9(31)
6.6 6.2(28) 9.5(38) 9.4(24) 15.1(29)
6.8 5.4(23) 11.2(36) 11.8(23) 17.3(27)
7.0 14(5) 11.1(31) 10.4(23) 15.0(25)
7.2 11(4) 13.8(30) 16.9(22) 23.5(21)
7.4 11.2(35) 14.7(29) 13.1(21) 13.1(19)
7.6 8.9(38) 17.3(28) 11.7(20) 20.2(19)
7.8 11.4(33) 19.9(27) 17.2(20) 18.8(16)
8.0 8.9(36) 20.4(26) 32.6(20) 19.9(15)
8.2 14.5(33) 30.0(21) 15.5(18) 23.1(15)
8.4 16.6(39) 19.3(21) 26.9(17) 18.8(14)
8.6 11.8(38) 31.3(20) 21.9(16) 18.6(14)
8.8 22.1(38) 28.7(20) 27.4(15)
9.0 17.0(38) 35.4(20)
9.2 22.3(34) 35.0(19)
9.4 23.1(28) 36.8(15)
9.6 28.6(28) 32.5(15)
9.8 28.6(24)
10.0 34.9(21)
10.2 35.0(20)
10.4 39.2(18)
10.6 41.7(17)
Table A.7  Average photo-absorption cross section determined at ELBE.
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128Xe 134Xe
ELBE HIγS ELBE HIγS
Ex σ
E1
γ
∗
σE1γ σ
M1
γ σ
E1
γ
∗
σE1γ σ
M1
γ
MeV mb mb mb mb mb mb
6.0 7(6) 0.5(5) 0.10(4) 14(5) 1.4(7) 0.05(4)
6.3 11(6) 5.1(15) 0.86(27) 13.6(31) 4.9(12) 0.18(9)
6.6 12(5) 8.1(18) 0.91(29) 15.5(27) 9.6(15) 0.49(24)
6.9 15(5) 11.6(17) 1.8(6) 18.7(24) 14.1(20) 1.0(5)
7.2 16(5) 16.5(13) 4.3(9) 21.3(23) 18.3(27) 2.2(8)
7.5 20(5) 22.1(16) 1.9(6) 19.6(19) 18.1(15) 0.9(5)
7.8 25(5) 27(4) 7.7(17) 20.5(16) 22(4) 4.8(17)
8.1 35(6) 34(7) 5.4(16) 24.0(39) 28(6) 4.0(19)
8.4 29(4) 35(12) 4.2(14) 20.8(39) 21(6) 3.5(18)
8.7 38(4) 39(4) 5.9(18) 25.8(26) 23.8(25) 3.9(19)
∗ M1 model as given in Sec. 2.1.2 subtracted from ELBE
data.
Table A.8  Average photo-absorption cross section determined at HIγS. The ELBE
data from Table A.7 is re-binned to a 300-keV binning and corrected
for the inuence of M1 strength.
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